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Crops in the Cucurbitaceae plant family are an important part of agricultural systems 
worldwide. This family includes economically important crops such as watermelon, cucumber, 
pumpkins, melons, and squash. These crops are plagued by a wide variety of both insect and 
plant pathogen pests. Breeding for genetic resistance to these pests represents a key component 
of many cucurbit breeding programs in both public and private sectors. Sources for disease and 
pest resistance often include wild species and landraces found across the world. Often, such 
species show poor adaptability to temperate climates. This limits plant breeders’ abilities to 
utilize exotic germplasm and introgress valuable traits. Wild species may also show limited 
compatibility with domesticated species, thus hindering the generation of fertile interspecific 
breeding lines. Wild species and landraces from tropical regions often fail to flower or flower 
very late under the long days experienced during the growing season in northern regions. Despite 
recent advances in molecular genetics such as the sequencing of the Cucurbita spp. genome, 
little is known about the genetic basis for important traits such as regulation of flowering time. 
To address this, we first aimed to learn more about the genetic basis for early flowering by 
comparing flowering time in two different lines of acorn squash with very different flowering 
times. Flowering time is a complex phenomenon and involves a variety of genetic and 
environmental factors. We identified a new major locus for acorn squash that promotes early 
flowering. Next, we evaluated various protocols to determine an optimal method to induce 
flowering in very late flowering Cucurbita spp. cultigens by grafting them to early flowering 
rootstocks. We found that early flowering and fruit set of late flowering cultigens could be 
achieved by grafting them if lateral shoot development occurs on the rootstock and leaf removal 
is conducted on the scion. Finally, we explored a new source found of powdery mildew 
resistance discovered in a landrace of tropical pumpkin. We showed that its resistance is 
xii 
 
conferred by a single gene and this gene appears to be at a different locus than either of the 
named dominant resistant genes, Pm and Pm-0. These findings should be useful for plant 
breeders and germplasm curators along with scientists interested in discovering more about the 




















The plant family Cucurbitaceae contains a wide variety of crops with diverse uses for 
human beings. Important crops in this family include watermelon, Citrillus lanatus, melons 
Cucumis melo, cucumber, Cucumis sativus, and squash and pumpkins, Cucurbita spp. (Rubatzky 
& Yamaguchi, 2012). This highly diverse family contains approximately 118 genera and 825 
species (Bisognin, 2002). It is also globally economically important with production of Cucurbit 
crops occurring in Europe, Asia, Australia, and throughout the Americas. In 2012, the farmgate 
value of global vegetable production was 543 billion US dollars and vegetable crops from the 
Cucurbit family represented approximately 12% of that with a global farmgate value of 64 
billion US dollars (Schreinemachers et al., 2018). 
The genus Cucurbita is New World in origin and contains all pumpkin and squash crops 
(Loy, 2004). Cucurbita contains three economically significant species, two minor horticultural 
crops, and 15 wild growing species. The common names of the crops within the genus Cucurbita 
transcend the lines between species. Crops such as pumpkins (round shaped fruits grown for 
ornamental purposes), summer squash (fruits harvested at an early stage of maturity), and winter 
squash (starchy, nutrient dense fruits harvested in physiologically mature state) all comprise 
members of the three major species. C. pepo contains zucchini type squash, yellow summer 
squash, jack-o-lantern pumpkins and acorn type winter squash. C. moschata contains the well-
known Butternut squash, numerous large-fruited varieties grown for processing into pie filling, 
and tropical pumpkin. Finally, C. maxima contains the Buttercup and Kabocha style squashes 




Flowering in Cucurbita spp. 
 Wild species and under-utilized cultigens of squash (Cucurbita species) offer 
many possible benefits to pumpkin and squash breeders, including improved vigor and disease 
resistance. However, integration of this germplasm into cucurbit breeding programs is hindered 
by several challenges. Wild species of cucurbits tend to have very small seeds with poor 
germination rates. They also may be very late to flower or require short days for induction of 
flowering (Robinson, 1995). Domesticated tropical species may exhibit the same problems in 
temperate climates as wild species. Compared with many agronomic crops, cucurbit genetics 
have been less studied, and in particular, traits related to flowering time and photoperiod have 
not been thoroughly researched.  A Cucurbita breeding and genetic program has been ongoing at 
UNH since 1940, and a considerable reservoir of improved germplasm has been amassed in the 
three major domesticated species, C. pepo, C. maxima and C. moschata.  In addition, more recent 
research has sought to utilize more tropical germplasm and wild species in an effort to improve 
disease resistance, especially resistance to powdery mildew (PM), caused by Podosphaera 
xanthii syn. Sphaerotheca fusca, S. fuliginea and Golovinomyces syn. Ersiphe cichorcearum.  
The discovery and utilization of this more exotic germplasm has led to reproductive constraints 
in making crosses, and thus a need to better understand the genetic basis of flowering habit. I 
also wanted to explore grafting as a tool for enhancing flowering for breeding and genetic 
research. 
Few topics in plant physiology have caused as much frustration and controversy as the 
topic of florigen, the floral generating signal molecule. Evidence of its existence is mentioned as 
early as 1880 by Julius Sachs who stated, “Extremely small quantities of one or several 
substances arise in the leaves and then…flow into the vegetative points and assume the role of 
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flowers.” (Chailakhyan, 1975). By the 1920’s, plant researchers were beginning to understand 
the effects of photoperiod on flowering time (Knott, 1934). Photoperiodic plants, those that have 
a critical photoperiod for flowering, became a focal point for those trying to understand the 
process by which plants transition from vegetative growth to reproductive growth. Grafting 
experiments involving interspecific combinations and selective illumination of leaves or shoot 
apical meristems (SAM) and/or impacts of leaf removal were conducted in various locations 
globally throughout the 1930’s and 1940’s (Bernier et al., 2016; Chailakhyan, 1975; J. Zeevaart, 
2006; J. A. Zeevaart, 2008). The Russian plant physiologist Mikhail Chailakhyan coined the 
term florigen, a floral generating agent. His experiments, along with numerous others, suggested 
that in photoperiodic plants, a signal molecule is generated in leaves under inductive 
photoperiods and then travels to the SAM and causes the plant to begin producing reproductive 
rather than vegetative buds (Romanov, 2012). Photoperiod-sensitive plants possess a critical 
photoperiod that is required for flowering. Photoperiods within that critical photoperiod are 
considered inductive while photoperiods outside of the critical photoperiod range are considered 
non-inductive. Chailakyhan also postulated this molecule that he called florigen was universal 
amongst all types of flowering plants (Chailakhyan, 1975). The exact structure of this molecule 
remains elusive to this day. More recent biochemical research has identified the genetic locus 
responsible for the production of florigen to be located on the flowering locus T gene (Liu et al., 
2013).  
 In the 1880’s, Julius Sachs investigated flowering in nasturtium, Tropeaeolum majus, and 
arrived at similar conclusions to those of Chailakhyan and others. He asserted that a substance, 
likely in minute quantities travels from leaves to apical meristems to induce flowering. He could 
only guess at what the makeup of the substance may have been. He was also not capable of 
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controlling or inducing flowering (Chailakhyan, 1975). From 1910-1930, researchers such as 
Klebs (1914) and Tournois (1912) began to elucidate important requirements for flowering such 
as chilling, vernalization, and photoperiod (Jarillo et al., 2008). Scientific documentation of the 
impacts of photoperiod on flowering time was achieved by Garner and Allard in the 1920’s 
through their work with soybeans. Plants were then classified as day-neutral, short-day, or long-
day (Allard et al., 1940). Knott, in 1934, exposed spinach, a long-day plant, to differential 
photoperiods within the plant. He found that imposing a long day on just the apical meristem and 
a short day to the rest of the plant caused the bud to grow only vegetatively. Conversely, an 
apical meristem exposed to short days with the remainder of the plant exposed to long days did 
produce seed stalks, albeit delayed compared to the plant exposed entirely to long days.  This led 
Knott to hypothesize that the leaves “appear to function in some way to hasten the reproductive 
response to the appropriate photoperiod” (Knott, 1934). 
 Simultaneously, in Russia, Chailakyhan vigorously pursued understanding of physiology 
behind the flowering process. He worked extensively with Chrysanthemum, a short-day plant, 
and showed that the leaves of a plant are the place where photoperiod is perceived. He went on 
to coin the term florigen and develop what he called the hormonal theory of flowering. Much of 
this theory has been confirmed by contemporary research (J. Zeevaart, 2006). He also conducted 
work with radioactive isotopes of carbon which he was able to trace from leaves growing under 
inductive photoperiods traveling to shoot apical meristems where flowering is subsequently 
triggered (Chailakhyan, 1975).  
However, not all of Chailakhyan’s assertions were correct. During this period, only auxin 
had been discovered and Chailakhyan was initially confident that florigen would be the next 
discovered plant hormone (Chailakhyan, 1975). Plant hormones are chemicals active at very low 
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concentrations that affect many aspects of plant growth and development. Florigen appears to be 
proteins or RNA as some have reported, rather than a chemical. Plant hormones are typically 
produced by plants during all stages of growth and development rather than only at the onset of 
flowering in the case of florigen. While most hormones are synthesized in apical meristems, 
florigen appears to be synthesized in mature leaves (Lifschitz et al., 2014). He later developed a 
theory that florigen was actually two compounds: gibberillic acid (GA) and a yet undiscovered 
substance he called anthesin. Interestingly, application of GA will stimulate flowering in long 
day plants but not in short day plants. Thus, he hypothesized that the balance of these two 
compounds was what regulated flowering (Romanov, 2012). His ideas were not well received by 
the staunch Russian scientific community who mocked even his selection of the term florigen 
due to its Greek and Roman etymology (Chailakhyan, 1975). We now know that some, but not 
all of Chailakhyan’s theories were not correct. 
 During the 1970’s grafting experiments involving short-day, long-day, and day-neutral 
tobacco cultivars explored the florigen concept further (Lang, 1977). Researchers had already 
shown that through grafting, a scion could flower under a non-inductive photoperiod when 
grafted to a flowering rootstock growing under an inductive photoperiod. This gave credence to 
the idea that some type of signal molecule must be generated in the leaves and then translocated 
to the apical meristem where it causes differentiation into sex organs (Lang, 1977). Lang added 
complexity to the florigen concept by seeking proof of the existence of a graft-transmissible 
floral inhibitory substance. Lang grafted scions of both short- and long-day cultivars of tobacco 
onto a day-neutral stock. Cleft grafts enabled him to leave an indicator shoot of the rootstock. He 
then exposed the plants to photoperiods that were either inductive or non-inductive for the 
scions. He found that flowering was promoted in the indicator shoot when the grafted shoot was 
6 
 
exposed to an inductive photoperiod in both the short- and long-day cultivars. The long-day 
cultivar when exposed to a non-inductive photoperiod greatly inhibited flowering in the 
rootstock. Interestingly, this effect was not observed when the short-day scion was exposed to 
non-inductive photoperiods. Lang therefore concluded that the long-day cultivar produces two 
different graft transmissible substances: one that promotes flowering and one that inhibits 
flowering (Lang, 1977).  
 Zeevaart, 1976, wrote an excellent review of the research on the physiology of flowering 
of that era. He assessed the multitude of theories and conjectures of the time about the nature of 
florigen and the transition from juvenility to maturity in plants. He sought to identify the exact 
changes that occur in a leaf as it is induced to flower. No differences could be found in 
photosynthetic activity, in nucleic acids and proteins, sugars, amino acids and sterols. Zeevaart 
admitted that physiologists were still really “in the dark” about the induction process in the 
leaves, the influence of temperature on the induction process, and frustratingly, the chemical 
makeup of florigen (Zeevaart, 1976). 
 Later, biochemists and molecular geneticists began focusing their attention on some of 
these questions and joined the hunt for the elusive florigen molecule. Biochemists have tried 
their hand at grafting experiments in which phloem sap is collected and analyzed with PCR, 
QPCR, and other modern molecular genetic techniques.  The model species Arabidopsis thaliana 
along with rice and members of the family Cucurbitaceae have all been the subject of much 
investigation related to florigen (Zeevaart, 2006;  Corbesier & Coupland, 2006). In 2006, many 
fundamental questions still loomed such as the nature of florigen and the mechanism by which 
leaves “sense” photoperiod (Imaizumi et al., 2006). Many of the key genes involved in the 
flowering process have been identified and a complex model has been proposed to describe the 
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process by which leaves detect photoperiod via phytochrome and circadian rhythms. Inductive 
conditions activate genes which apparently code for graft transmissible proteins that travel in the 
phloem stream to the shoot apical meristems where they activate key genes involved in 
producing reproductive structures. (Aksenova et al., 2006).  
 The current consensus is that under inductive conditions, two key genes, FLOWERING 
LOCUS T (FT) and CONSTANS (CO) initiate a cascade of reactions in the leaf that result in 
export of proteins destined for the SAM (Aksenova et al., 2006). Upon arrival in the SAM, these 
proteins, along with the transcription factor FD, activate the genes involved in floral 
differentiation (Romanov, 2012). Huang et al. (2005) reported that florigen was FT mRNA that 
they had detected in the phloem sap of Arabidopsis. However, that work was later retracted by 
Böhlenius, one of the co-authors, who said there were flaws in the PCR data (Eckardt, 2007). 
Interestingly, that same year, in 2007, Eckardt  published two articles in Science that report 
identification of florigen as proteins coded for by the FT genes but not FT mRNA as Huang et 
al., had reported (Eckardt, 2007).  Huang was not deterred by the retraction and has published 
subsequent work reasserting his previous findings of detection of rootstock FT mRNA in the 
scion phloem sap of transgenic Arabidopsis plants. Rootstocks were transformed to overexpress 
FT genes so that its’ mRNA can apparently later be detected via PCR in phloem sap of scions 
(K. Lu et al., 2012). These authors argued that florigen is comprised of both FT proteins and FT 
RNA.  
 How a plant regulates time of flowering is a fundamental biological question. In the 
cucurbits, little is known about the genes controlling onset of flowering and flower development. 
Through examining of both early and late flowering genotypes of acorn squash, we hoped to gain 
insight into this basic biological question. Through grafting experiments, we hoped to not only 
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stimulate flowering in recalcitrant flowering scions but also gain insight into the role that shoot 
and leaf development on rootstocks or scions may play in the regulation of flowering time.  
Powdery mildew resistance 
Powdery mildew fungi belong to the Phylum Ascomycota, Order Erysiphales, family 
Ersiphaceae (Pérez-García et al., 2009). They are obligate biotrophic fungi that generally cannot 
survive without host plant tissue. The two species of cucurbit powdery mildew fungi (G. 
cichoracearum or P. xanthii) behave very similarly and are difficult to distinguish (Pérez-García 
et al., 2009). Podosphaera xanthii appears to be more common as it has been observed 
worldwide while G. cichoracearum has been observed primarily in Europe (Lebeda et al., 2011). 
This has led to confusion in their naming and identification. Two taxonomic criteria used are 
presence or absence of fibrosin bodies (found in P. xanthii) in conidia and conspicuously forked 
germ tubes (also found in P. xanthii) (Jahn and Munger, 2002; Pérez-García et al., 2009). This 
morphological distinction is not satisfactory to some and has caused a great deal of confusion 
(Moncalvo, 2005). McCreight (2005) reported that P. xanthii is the primary causal agent of PM 
in cucurbits in North America and that little evidence of the presence of G. cichoracearum in the 
USA has been shown the past 40 years.  
Infection begins when small wind-blown spores called conidia land on leaf surfaces of 
susceptible host plants. Conidia are asexual or anamorphic spores produced by PM fungi. These 
fungi also produce sexual or teleomorphic spores called ascospores that are contained in an 
enclosed fruiting body called the chasmothecium (or cleistothecium) (Hirata & Takamatsu, 
1996). Chasmothecia could theoretically overwinter in fields where cucurbits are grown but their 
presence has not been observed in most of the world’s major regions of Cucurbit production 
(Pérez-García et al., 2009). In the northeastern United States, PM conidia arrive via wind 
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currents from warmer southern regions (Holdsworth et al, 2016). Conidia land on leaf surfaces 
and then penetrate the leaf surface via a germ tube and appressorium. Upon penetration of cell 
walls by the appressorium, haustoria are formed that act as feeding structures, extracting from 
the plant the photosynthate and minerals needed for hyphal development (Martínez-Cruz et al., 
2014).  
Upon development of haustoria and further appressoria, primary and later secondary 
hyphae colonize leaf epidermal leaf tissue. Mycelia then form and manifest as a visible white 
powdery material. Conidiophores arise from the hyphae to produce conidia that are ultimately 
released and spread by wind to other leaf surfaces. This process completes the asexual phase of 
the fungal life cycle. These fungi are heterothallic, which means that sexual reproduction can 
only occur after contact between hyphae of two different mating types. Sexual reproduction 
gives rise to chasmothecia, the fungi’s fruiting bodies. In P. xanthii, each chasmothecium 
contains one ascus which houses eight ascospores (Pérez-García et al., 2009). Observation of 
ascospore production has been observed primarily in laboratory settings. Lack of teleomorphic 
spores from PM fungi has contributed to the confusion surrounding their identities (Hirata & 
Takamatsu, 1996).  
One of the likely mechanisms by which P. xanthii may shut down a plant’s defense 
response is through the secretion of effector proteins into the host (Martínez-Cruz et al., 2014). 
Vela-Corcia et al. (2016) used a transcriptomics approach to identify candidate effector proteins 
in P. xanthii-infected zucchini. From the transcriptome, they identified several proteins with 
similarities to effector proteins found in Fusarium and other fungal pathogens (Vela-Corcía et 
al., 2016). In barley, researchers identified and characterized many of the effector proteins found 
in Blumeria graminis f. sp. hordei, PM of barley (Pliego et al., 2013). This team used the 
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technique of host induced gene silencing (HIGS) to silence the gene activity of several different 
genes within B. graminis. They silenced 50 putative genes responsible for effector protein 
synthesis. Eight of those genes resulted in reduced pathogenicity of B. graminis and are 
hypothesized to code for effector proteins (Pliego et al., 2013). Searching for orthologues of 
these genes in P. xanthii may reveal more about how this pathogen interferes with plant immune 
responses. 
Due to the extensive damage caused by this pathogen, fungicides are commonly 
employed as a control method by commercial growers. Benomyl, released in 1968 and 
commercially sold as ‘Captan’, was the first fungicide developed for use on PM of cucurbits (M. 
T. McGrath, 2001). It remains widely used today although in various regions of the country it is 
no longer effective due to pathogen resistance (McGrath et al., 1996). Later, around 1984, 
triadimefon, commercially ‘Admiral’ or ‘Bayleton’, was deployed as a fungicide for control of 
PM of cucurbits. Pathogen resistance was observed just two years after release of this product 
but the fungicide did not lose efficacy on a large scale until many years later (McGrath et al., 
2001). The percentage of Triadimefon-resistant strains observed by researchers in Long Island, 
NY increased from 39% in 1987 to 87% in 1998. Interestingly, pathogen resistance to benomyl 
was thought to be qualitative or complete while resistance to Triadimefon is partial or 
quantitative (McGrath, 2001).  
Non-chemical control methods for PM on cucurbits are limited although numerous 
avenues are being explored. Elad (2000) demonstrated control equal to fungicide application by 
the antagonistic fungi Trichoderma harzianum of PM on cucumber vines. T. harzianum employs 
multiple modes of action in controlling pathogens including the induction of systemic resistance 
(ISR) to a variety of plant pathogens in crop plants (Elad, 2000).  A Brazilian team of researchers 
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reported that fresh cow’s milk offered the equivalent of chemical control on PM of squash when 
applied at a concentration of 10% or greater (Bettiol, 1999).  Potassium silicate is also known to 
reduce symptoms of PM on a variety of Cucurbit crops. However, large amounts of silica (3-
4,000 kg/ha) are required when applied to soil to offer control. Greenhouse growers benefit more 
from foliar application of silica rather than soil or media based according to Menzies et al. 
(1992).  Other products being explored as biological control agents against PM in Cucurbita spp. 
include the mycoparasite Ampelomyces quisqualis, the entomopathogenic fungi Lecanicillium 
lecanii, and bacterial strains of Bacillus subtilus (Romero & Vicente, 2007; Kim et al., 2007).   
Use of cultivars with genetic resistance to PM is a popular strategy for growers seeking to 
reduce or replace their fungicide use. Private and public Cucurbita breeding programs have 
generated numerous varieties with resistance to PM (Holdsworth et al., 2016). Current resistant 
varieties available in the US apparently all contain a single incompletely dominant gene 
conferring resistance called Pm-0 (Holdsworth et al., 2016). The resistance provided could be 
considered as tolerance, partial or intermediate, as some infection does occur but is greatly 
limited on leaf abaxial surfaces while adaxial surface and petioles remain free of visible conidia 
(Holdsworth et al., 2016). Absolute, qualitative resistance, or immunity that results in complete 
elimination of pathogen development is not available in Cucurbita spp. to date. Although the 
term dominant resistance is sometimes used to describe absolute or qualitative resistance, in this 
work, dominant refers simply to a gene that is expressed when in a heterozygous state. 
Incomplete dominance refers to genes that are expressed in the heterozygous state but not as 
fully as when homozygous. Recessive genes require homozygosity to be expressed. Partial 
disease resistance is often considered quantitative and may be caused by many genes 
(polygenic). Pm-0, however, is inherited as a single, incompletely dominant gene that confers 
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partial resistance to PM. Pm-0 appears to provide adequate protection in the heterozygous state 
while in the homozygous state it has been associated with late flowering and reduced yields 
(Holdsworth et al., 2016; McGrath, 1996). The limited genetic variation in current resistant 
varieties of pumpkin and squash underpins the need to investigate and integrate other sources of 
resistance. Reliance on a single gene for genetic resistance may place pressure on PM to mutate 
and overcome the protection that the single gene provides. Since different kinds of resistance 
genes may use different mechanisms for resistance, a more durable form of resistance may come 
from the use of various genes that use multiple pathways of resistance.  
Another dominant gene, Pm, also confers resistance and is found in Cucurbita 
lundelliana, a wild species native to Mexico and Central America (Paris & Padley, 2014; 
Whitaker, 1962). Whitaker (1962) demonstrated the cross compatibility of this species with both 
C. maxima and C. moschata and speculated about the potential of introgressing resistance from 
C. lundelliana into the domesticated species. Later, Rhodes developed interspecific breeding 
populations containing C. lundelliana and a variety of domesticated species, but no commercial 
varieties resulted from this work (Rhodes, 1959; Rhodes, 1964). Additionally, he observed 
formation of small yellow circles on resistant leaves but very little sporulation (Rhodes, 1964). 
One could speculate that this was a hypersensitive response, but this has not been studied further. 
Sitterly (1972) also reported on the PMR provided by interspecific hybrids with C. lundelliana, 
but no commercial releases resulted from this work, either. Finally, Holdsworth et al. (2016) and 
Jahn et al. (2002) mention the existence of linkage drag when breeding with C. lundelliana but 
neither author provide data to support that claim. Linkage drag occurs when the gene coding for 
the desired trait being introgressed is linked to a gene coding for an undesirable trait. Linkage to 
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an undesirable trait can hinder breeding progress greatly as the breeder must search for 
recombinants that may be very rare (Voss‐Fels et al., 2017).   
Finally, two other named gene(s) conferring resistance are the recessive genes named pm-
1 and pm-2, which were identified in a landrace of tropical pumpkin, C. moschata (Adenji et al., 
1983). Additionally, Zhou et al., (2010) reported on a source of PMR in an Asian landrace of C. 
moschata. There is also a family of genes called the Mildew Locus O genes that appear to confer 
susceptibility to PM. MLO genes were initially discovered in barley and their orthologues were 
later detected in other crop species including cucumber, Cucumis sativus. Research in cucumber 
has revealed that disruption of the functionality of MLO genes may confer resistance to host 
plants (Berg et al., 2017). Recently, Zhu et al. (2021) identified MLO genes across the three 
major domesticated Cucurbita species. They did find that three MLO genes were up-regulated 
during PM development on susceptible plants. Gene editing or silencing of these susceptibility 
genes represents another promising route towards breeding PM resistant Cucurbita crops (Zhu et 
al., 2021). 
One species that has not been utilized in breeding programs but offers a high level of 
resistance is Cucurbita ficifolia, a cool season Cucurbit grown in Central, South America, and 
Asia (Tomason et al., 2006). A team of researchers in the Ukraine grew C. ficifolia alongside a 
variety of commercial Cucurbita spp. and cucumber crops. On the two varieties of C. ficifolia 
grown, no pathogen development occurred under field conditions while numerous of susceptible 
types were heavily infected by PM (Tomason et al., 2006). In field conditions with heavy PM 
infection at the UNH Kingman Research Farm, we made the same finding: C. ficifolia seemed to 
be immune to PM and remained green and vibrant in field conditions long after all other 
Cucurbita crops had succumbed to PM (unpublished data, 2016).  
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The objective of my research was to gain a more thorough understanding of the genetic 
basis of flowering, to develop methods for inducing flowering, and to gain an understanding of 
the genetic basis of PM disease resistance traits derived from wild and domesticated species.  My 
long-term goal is to improve squash cultivar development through an improved understanding of 
factors regulating flowering time and through introgression of valuable traits from underutilized 
wild and landrace Cucurbita species. Specific objectives were to (1) improve our understanding 
of the genetic control of flowering in Cucurbita, (2) develop a grafting method to induce 
flowering in late-season and short-day flowering species, and (3) utilize a new source of PMR by 
gaining an understanding of the genetic basis for resistance and transferring the resistance genes 




CHAPTER 1: A SINGLE DOMINANT GENE, Ef, CONFERS EARLY FLOWERING 
IN ACORN SQUASH (C. pepo subsp. ovifera) 
 
This chapter was published in the Cucurbit Genetics Cooperative Report 42 (2019). 
https://cucurbit.info/wp-content/uploads/2020/09/CGC42-8-Ogden-early-flowering-gene-squash.pdf 
INTRODUCTION 
Cucurbita species are monoecious and produce staminate flowers on basal nodes close to 
the crown of the plant and pistillate flowers on more distal nodes of the main stem and lateral 
branches.  However, there is considerable variability in flowering patterns in terms of node 
number of first flowers reaching anthesis and the time course for flower bud initiation.  For 
example, Hassan et al., (2016) reported that first female flowering among summer squash and 
acorn squash varieties occurred at nodes ranging from 7 to 33. Early and prolific flowering is 
characteristic of yellow summer squash and zucchini, Cucurbita pepo subsp. ovifera and 
Cucurbita pepo subsp. pepo, respectively (Montero-Pau et al., 2017), whereby fruit sinks are 
continually removed, allowing continuous fruit set over an extended period.   Early flowering in 
winter squash may be desirable in cultigens grown in short growing seasons like New England as 
it allows for full fruit maturation.  Also, early flowering cultigens have proven useful as 
rootstocks for inducing early flowering in late flowering cultigens of squash (Ogden and Loy, 
2018). On the other hand, excessively early flowering may result in nutrient sink competition 
between developing fruits and newly developing leaves, thereby suppressing development of the 
leaf canopy and resulting in a deficiency of photosynthate to support the developing fruit.  
Developing fruits and seeds may act as dominant sinks thereby limiting further vegetative 
development. This concept is well established in a variety of crops including members of the 
Cucurbitaceae family (Delesalle & Mooreside, 2020; El-keblawy, 2020; Wardlaw, 1968).  
Genomics research has revealed numerous quantitative trait loci (QTL) regulating 
flowering time in related crop species (H. Lu et al., 2014; Mcgregor et al., 2014). In cucumber, 
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for example, Lu et al., (2014) identified a major QTL for earlier flowering. They speculated that 
early flowering in cucumber is caused by a single dominant gene designated Ef1.1. Also in 
Cucurbitaceae, a major QTL in watermelon regulating flowering time was recently discovered 
(Mcgregor, et. al, 2014). In squash, C. pepo subsp. pepo, SNP analyses conducted by Montero-
Pau (2017) revealed at least two QTL regulating flowering time. This finding remains tentative 
and does not support that team’s previous identification of a single major QTL regulating 
flowering time (Esteras et al., 2012). Despite advancement in the genomics field, we are not 
aware of any classical studies on inheritance of genes controlling flowering time in squash 
reported to date. 
  Season extension by using a mixture of early, mid, and late season cultivars is a popular 
practice among many vegetable growers and breeders should respond to this demand. A better 
understanding of the genetic control of flowering time in winter squash could contribute to plant 
breeders’ ability to improve varieties of both summer and winter squash. Use of breeding lines 
with predictable flowering patterns could enable generation of F1 cultivars with varied 
maturation dates. On a more basic level, such understanding may also provide insights into the 
genetic control of substances affecting photoperiodic and late flowering patterns. This research 
could also provide germplasm to identify molecular markers for early flowering and better 
understand the genes involved in regulation of flowering time in squash.  
At the University of New Hampshire, Dr. Brent Loy identified and generated two highly 
inbred lines of acorn squash that display early and late flowering. Because the two breeding lines 
display large differences in flowering time, they appeared to be good choices for an inheritance 
study on flowering time in acorn squash. Through examination of F1, F2, and backcross 
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populations derived from these two breeding lines, we sought to elucidate the genetic control 
behind flowering time.  
MATERIALS AND METHODS 
Experimental site description.  
 Experiments took place at the Kingman Horticultural Research Farm in Madbury, New 
Hampshire, from June to August in 2017, 2018, and 2019. All plants were grown on raised black 
plastic covered beds, 0.81 meters in width and 0.15 meters in height, and fertilized with a pre-
plant granular fertilizer at a rate of 90 kg/ha for both N and K. Standard pest and disease 
management methods were employed to control any pest or pathogen problems. Weed control 
between beds was provided with mechanical and manual cultivation.  
Plant Materials and Data collected.   
The two parental lines of acorn squash, Cucurbita pepo subsp. ovifera (L.), NH27-15-5-
10 (hereafter P1) and NH8-17-12-7 (hereafter P2), along with their F1, F2 (2018 only), and 
backcross populations (2018 and 2019 only) were seeded in 50 cell plug trays at the Macfarlane 
greenhouse in Durham, New Hampshire, and after germination, fertigated by hand at a constant 
feed rate of 100 ppm-N with the fertilizer 17-4-17 (N-P2O5-K20). P1 flowers early and initiates 
pistillate flowers as early as nodes three or four, whereas P2 often flowers 12 to 16 days later and 
initiates pistillate flowers at node 12 or later. Both parent lines have a bush growth habit and 
produce fruit with high starch content in the fruit mesocarp tissue. Seedlings were transplanted 
into the field at the 1 to 2 leaf stage. Plants were grown at a spacing of 0.6 meters between plants 
and 2.7 meters between raised beds. Upon reaching the 6-7 leaf stage, a plastic tag was placed 
around the petiole of the leaf at the 5th node from the cotyledons to facilitate node counting. 
Daily observations of the plants enabled noting the date and the node number at which the first 
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male and female flowers reached anthesis. Dates of flowering were converted to days to first 
male and female anthesis from transplanting.  
Statistical design and analysis.   
Each year, a randomized complete block design was employed. A block was represented 
by a single row and there were eight blocks. Treatments consisted of the genotypes, and each 
treatment was assigned randomly within each row and replicated once. For 2017, each row 
consisted of 5 F1 plants, 5 plants of each parent, 10 backcrosses to the early parent (BCP1), and 
10 backcrosses to the late parent (BCP2), for a total of 35 plants per block. For 2018, each row 
contained 4 F1 plants, 4 plants of each parent (P1 and P2), 10 backcrosses to the early parent 
(BCP1), 10 reciprocal backcrosses to the late parent (BCP2R), and 24 F2 plants for a total of 56 
plants per row. In 2019, each row contained 4 F1 plants, 4 plants of each parent, 4 backcrosses to 
the early parent (BCP1), 12 backcrosses to the late parent (BCP2), and 12 reciprocal backcrosses 
to the late parent (BCP2R) plants for a total of 40 plants per row. 
 One-way ANOVAs were conducted to detect differences in flowering time as affected by 
genotype/population. Flowering time was represented as both days to anthesis and node number 
of the first male and female flowers. Frequency distributions were calculated for each genotype 
separately by year and compared. Specifically, to test the single dominant gene model, 2 
analysis was employed by categorizing each plant as either early or late based on the timing and 
locations of first female flowers. During 2017 and 2018, an early plant was defined as one in 
which the first female flower was located at node number 12 or less and reached anthesis in 37 
days or less after transplant. In 2019, an early plant was defined one in which the first female 
flower was located at node number 15 or less and reached anthesis in 37 days or less after 
transplant. Categories for early and late flowering were based on observations of the flowering 
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patterns of the two parental lines. A later planting date and prolonged period in the greenhouse in 
2019 likely caused more rapid shoot elongation than in 2017 and 2018. After classification based 
on female flowering patterns, male flowering was also compared between the classified 
segregants. Under the hypothesis that early flowering is caused by a single dominant gene, the 
expected ratios were that all F1 plants and all backcrosses to the early parent, BCP1, would be 
early flowering while backcrosses to the late parent (BCP2) would segregate at a ratio of 1:1 
(early:late) and the F2 population would segregate at a ratio of 3:1 (early:late). 
RESULTS AND DISCUSSION   
Flowering phenology, in general, among all genotypes occurred similarly to previous 
researchers’ descriptions with male flowering initiating earlier and at lower node numbers than 
female flowering (Loy, 2004b) (see Table 1.1). Both node number and days to flowering are 
presented because initiation of flowering is both temporal and morphological. Variation in male 
flowering time was limited compared to female flowering across all genotypes. Male flowering 
initiated at nodes 1-5 between 24 and 30 days after transplant date.  Female flowering initiated at 
nodes 9-22 between 29 and 46 days after planting. It is because of this greater variation in female 
flowering patterns that female flowering time and position were used as criteria for classifying 
plants as early or late for frequency analysis.  
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Table 1.1 Node number and days to male and female anthesis among parental lines and F1 
hybrids of acorn squash, Cucurbita pepo. subsp. ovifera, grown and evaluated in field 











         





































2017         
          P1 1.7 ay ± 0.24 24.7 a ± 0.44 10.4 a ± 0.51 32.6 a ± 0.70 
          P2 5.3 c ± 0.24 32.8 c ± 0.44 17.7 b ± 0.51 47.9 b ± 0.70 
          F1 3.0 b ± 0.24 28.7 b ± 0.44 11.3 a ± 0.51 32.6 a ± 0.70 
2018         
          P1 1.5 a ± 0.31 26.3 a ± 0.58 4.3 a ± 1.68 24.4 a ± 2.76 
          P2 1.7 a ± 0.31 27.5 b ± 0.58 15.3 b ± 1.67 42.5 b ± 2.76 
          F1 1.5 a ± 0.31 27.2 b ± 0.58 4.7 a ± 1.67 25.1 a ± 2.75 
2019         
          P1 2.2 a ± 0.81 22.6 a ± 1.88 12.5 a ± 2.08 29.2 a ± 2.49 
          P2 5.4 c ± 0.81 29.5 c ± 1.86 22.2 c ± 2.07 43.6 c ± 2.48 
          F1 3.2 b ± 0.81 23.6 b ± 1.88 15.0 b ± 2.09 33.1 b ± 2.50 
y P1 is an early flowering inbred bush breeding line designated NH27-10-5-10; P2 is a late flowering 
inbred bush breeding line designated NH8-17-12-7; the F1 is the cross of P1 x P2. 
z Within a column, means followed by the same letter are not significantly different at P ≤ 0.05 using 
Tukey’s honestly significant difference test. 
 
 
 Although use of first female flowering as an indicator of earliness captured clear 
differences in flowering time among the different populations grown, this method was not 
without its limitations. Flowering time, while genetically controlled, is also highly influenced by 
other factors such as transplant vigor, field fertility and soil quality levels, pest and disease 
pressure, and environmental variables such as temperature, photoperiod, and light intensity. Use 
of first female flowering resulted in misclassification of some late flowering plants as early. This 
phenomenon was observed during the 2018 season when 29% of the late flowering parent (P2) 
plants were classified as early flowering (Table 1.2), based on a single flower reaching anthesis 
early.  However, these precocious flowers did not typically set fruits and the subsequent 
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flowering of these plants was late. In the future, days to two fruits set or days to three female 
flowers open could be possible solutions to this problem 
There were clear differences between the flowering patterns of the two parental lines 
(Table 1.1).  In 2017 and 2019, P1 male and female flowers initiated earlier and at lower node 
numbers than P2. In 2018, the node number of first male anthesis did not differ between P1 and 
P2 but days to male and female anthesis and node number of first female anthesis were all 
greater in P2.  
Female flowering in the (P1 x P2) F1 occurred simultaneously and at similar node 
numbers as P1 during 2017 and 2018. During 2019, F1 flowering was delayed compared to P1. 
In all three seasons, F1 progeny produced female flowers earlier and at lower node numbers than 
P2. Male flowering in F1 progeny was intermediate between P1 and P2 during 2017 while in 
2019, F1 male flowering occurred simultaneously with P1, both earlier and at lower node 
numbers than P2. In 2018, F1 progeny produced male flowers at similar node numbers as P1 and 
P2 while days to male anthesis was delayed slightly (1 day) compared to P1 and more closely 
resembled P2.  
Frequency distributions for female flowering patterns among parental genotypes for years 
2017, 2018, and 2019 are depicted in Figures 1.1, 1.2, and 1.3, respectively. The clear difference 
between parent lines in the two response variables, days to first female flower and node number 
of first female flower, is shown in all figures.  Frequency distributions of F1 progeny also closely 
resemble those of the early flowering parent, P1, indicative of major gene effect. In 2019 only, 
female flowering in the F1 progeny occurred at an intermediate state between the two parents for 
both response variables. This is suggestive that partial dominance of the early flowering trait can 
occur under some environmental conditions.  
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Table 1.2 Frequencies of observed early- and late-flowering individuals, by population, for 
testing the hypothesis of a single dominant gene (Ef) that confers early flowering in acorn 
squash, Cucurbita pepo subsp. ovifera grown at Kingman Farm in Madbury, New Hampshire 
























late) 2 (p) 
P1 (early) 1:0 32:0 1 30:0 1 24:0 1 
P2 (late) 0:1 0:29 1 9:22 0.11 1:24 0.84 
F1 1:0 27:5 0.38 31:1 0.86 20:1 0.83 
BCP1 1:0 74:5 0.57 76:0 1.00 32:0 1.00 
BCP2 1:1 43:37 0.5 NA NA 44:37 0.44 
BCP2 R 1:1 NA NA 59:16 <0.0001 50:33 0.06 
F2 3:1 NA NA 160:24 <0.0001 NA NA 
z All genotypes are acorn squash breeding lines and offspring generated at the Loy Cucurbit 
breeding laboratory at the University of New Hampshire. P1 is an early flowering line designated 
NH 8-27-15-5-10 while P2 is a late flowering line designated NH 8-17-12-7. F1 is the cross of P1 
X P2. BCP1 is P1 X (P1 X P2) and BCP2 is P2 X (P1 X P2). BCP2R is the reciprocal backcross 
(P1 X P2) X P2 and F2 is the F1 cross P1 X P2 which was then self-pollinated. Individuals from 
the F2 population were grown only in 2018, and the BCP2R population was represented only in 
2018 and 2019. 
 
Expected ratios for a single dominant gene conferring early flowering were met in both 
parent lines, F1 progeny, and backcrosses to the early parent, BCP1, during all three years. 
Progeny of the F1 backcrossed to each of the two parent lines initiated female flowering in two 
distinct patterns as depicted in Figures 1.1, 1.2, and 1.3. The backcross to P1, BCP1, flowered 
uniformly early during all three seasons. Also, in all three seasons, the backcross to the late 
parent P2, BCP2, segregated into two flowering groups, late and early. Individuals within the F2 
and backcross populations to the late parent, BCP2 and BCP2R, were classified as either late or 
early flowering based on previously described parameters. Only female flowering was used to 
classify plants as early or late because it showed the greatest variability among genotypes. Early 
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flowering plants showed both earlier male and female flowering, although the difference was 
more pronounced in the female flowering pattern. 
 
 
Figure 1.1 Frequency distributions of days after transplant to first female flower and node 
number of first female flower among acorn squash, Cucurbita pepo subsp. ovifera, breeding 
lines, F1 offspring and segregating backcross populations. P1 is an early flowering line 
designated NH 8-27-15-10 while P2 is a late flowering line designated NH 8-17-12-7. F1 is the 
cross of P1 X P2. Vertical black lines in upper two panels provide the means for P1, P2 and the 
F1 hybrid shown in Table 1.1. All backcross generations are derived from crossing the F1 with 
each of the two parent lines. All plants were grown under field conditions at Kingman Farm at 
the University of New Hampshire and the New Hampshire Agriculture Experiment station in 





Figure 1.2 Frequency distributions of days after transplant to first female flower and node 
number of first female flower among acorn squash, Cucurbita pepo subsp. ovifera, breeding 
lines, F1 offspring, and segregating backcross and F2 populations. P1 is an early flowering line 
designated NH 8-27-15-10 while P2 is a late flowering line designated NH 8-17-12-7. F1 is the 
cross of P1 X P2. Vertical black lines in upper two panels provide the means for P1, P2 and the 
F1 hybrid shown in Table 1.1. All backcross generations are derived from crossing the F1 with 
each of the two parent lines. The F2 is a self-pollinated selection derived from the F1 cross of P1 
x P2. All plants were grown under field conditions at Kingman Farm at the University of New 







Figure 1.3 Frequency distributions of days after transplant to first female flower and node 
number of first female flower among acorn squash, Cucurbita pepo subsp. ovifera, breeding 
lines, F1 offspring, and segregating backcross populations. P1 is an early flowering line 
designated NH 8-27-15-10 while P2 is a late flowering line designated NH 8-17-12-7. F1 is the 
cross of P1 X P2. Vertical black lines in upper two panels provide the means for P1, P2 and the 
F1 hybrid shown in Table 1.1. All backcross generations are derived from crossing the F1 with 
each of the two parent lines. All plants were grown under field conditions at Kingman Farm at 
the University of New Hampshire and the New Hampshire Agriculture Experiment station in 
Madbury, NH during 2019. 
 
In 2017 and 2019, backcrosses to the late parent, BCP2 segregated according to expected 
ratios. In 2018 there was a lack of late flowering segregants among the BCP2R population and 
the F2 population (Figure 1.3) and data failed to confirm the hypothesis that early flowering is 
caused a single dominant gene during that season (Table 1.2). ANOVA analysis from 2018 
revealed that P1 flowered earlier that season than the other two years, indicating a possible 
influence from environmental factors or that the single gene model tested is oversimplified. The 
frequency distributions for those two populations during 2018 (Figure 1.2) reveal that there was 
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a higher proportion of early flowering plants. The later flowering plants display almost 
continuous variation, indicating that other factors than a single gene may have been at play.  
There are likely numerous factors, both environmental and genetic that contribute to the 
onset of flowering in Cucurbita spp. Frequency distributions from BCP2 progeny resemble a 
nearly continuous distribution. This finding indicates that there were likely additional loci 
segregating that affected flowering time other than the major Ef locus described herein. 
Additionally, the existence of F2 and BCP2 segregants with earlier flowering patterns than P1 is 
suggestive of transgressive segregation. While we uncovered a major locus for flowering time, 
there could still be minor loci segregating that affect flowering time in both parental lines. The 
P1 and P2 lines were not isogenic, and thus, it is possible that segregation of modifying genes 
affected flowering time to a minor extent. It is possible that either parent may contain additional 
minor alleles that contribute to early flowering. A quantitative trait locus mapping approach 
would be the next step towards a further understanding of genetic control of flowering time in 
Cucurbita spp.  
The hypothesis that cytoplasmic factors could have contributed to the observed results 
was tested in 2019. Data from reciprocal backcrosses to the late parent (BCP2 and BCP2R) were 
compared using t tests and revealed that neither days to first female flower (p= 0.1302) nor node 
number of first female flower (p=0.1935) differed between the two populations. Chi-squared 
tests of independence were performed by comparing BCP2 and BCP2R segregation ratios with 
the total of the two populations’ segregation ratios. These tests showed that the segregation ratios 
of neither BCP2 (p=0.55317) nor BCP2R (p= 0.5391) differed from the expected ratio, thus 





Based on the preceding analyses of variance, frequency distributions, and inheritance 
data, we propose the naming of a new gene for acorn squash, Cucurbita pepo subsp. ovifera, as 
Ef for early flowering. Genotypes of acorn squash carrying the Ef allele typically produce mature 
female flowers approximately 14-18 days earlier and at node numbers approximately 7-11 nodes 
lower than genotypes homozygous for the late-flowering allele, ef.  Male flowers of genotypes 
carrying the Ef allele may mature slightly earlier and at lower node numbers than genotypes 
homozygous for ef but the difference is small, as acorn squash tends to produce male flowers at 
low node numbers and often earlier than female flowers.  
This finding suggests that using the early-flowering line ‘Ac 8-27-10’ as a parent is likely 
to result in an early-flowering hybrid, which should be useful for breeders aiming to breed acorn 
squash with varied maturation times. Cultivars with early flowering and fruit development are 
useful in regions like New England with short growing seasons. If transferred into other types of 
squash and pumpkin, Ef may enable breeding of cucurbit crops with a wider range of maturation 
times than what is currently available. Future studies could include research to map Ef on 
existing genetic linkage maps of C. pepo, examine interactions between Ef and other flowering 





CHAPTER 2: USE OF GRAFTING TO PROMOTE FLOWERING IN LATE AND 
SHORT-DAY FLOWERING CULTIGENS OF SQUASH 
 
INTRODUCTION 
  Wild and tropical species of Cucurbita spp. are sources of important traits for squash 
breeding programs.  Some examples include the wild species C. lundelliana and C. 
okeechobeensis subsp. martinezii as sources of powdery mildew resistance (PMR) (Jahn et al., 
2002, Rhodes, 1964), an Australian landrace of C. moschata as another source of PMR (Chapter 
3), C. ecuadorensis as a source of virus resistance (Provvidenti et al., 1978), C. lundelliana and 
C. okeechobeensis subsp. martinezii as sources of resistance to crown rot caused by 
Phytophthora capsici (Padley, et al., 2009), and the C. moschata landrace ‘Nigerian Local’, 
which contains resistance to four different economically important viruses (Brown et al., 2003). 
Another example is C. ficifolia, the fig leaf or Malabar gourd. This species is used as a rootstock 
for cucumber production as it offers cold temperature tolerance and resistance to Fusarium wilt, 
a soil-borne fungal pathogen (King et al., 2010). C. ficifolia apparently is also resistant to a 
variety of viral diseases (Andres 1990).  
These sources of germplasm are often difficult to grow and reproduce in temperate 
climates. Several factors impede the introgression of novel genes from wild species and 
unimproved landraces of Cucurbita spp. Among those problems includes the highly varied levels 
of fertility among species within the genus Cucurbita.  Whitaker (1956) first described C. 
lundelliana as cross-compatible with all species of domesticated Cucurbita. However, Rhodes 
(1959) noted that its late and unpredictable flowering hinders its utility in hybridization. 
Similarly, Andres (1990) reported that most, but not all, varieties of C. ficifolia are strongly 
short-day flowering, limiting their application in temperate regions. C. ficifolia is not cross 
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compatible with the domesticated Cucurbita species but may cross with the wild species C. 
lundelliana.  
The phenology of flowering of wild species and landraces of Cucurbita has not been well 
characterized. The limited information available suggests that late and unpredictable flowering 
could represent a significant obstacle to the introgression of novel genes from diverse 
backgrounds. For example, Walters and Decker-Walters (1993) analyzed a wide range of 
phenological and morphological traits among the wild species C. lundelliana, C. martinezii and 
C. okeechobeensis (now considered C. okeechobeensis subsp. martinezii). Some plants did not 
produce any flowers during the nearly 5-month study while others flowered at very late dates. C. 
okeechobeensis flowered approximately 120 days after germination (Walters and Decker-
Walters 1993). Domesticated Cucurbita cultigens typically flower approximately 30-75 days 
after germination (Walters and Decker-Walters 1993). These asynchronous flowering patterns 
may prevent breeders from making the crosses necessary to hybridize improved domesticated 
breeding lines with wild or unimproved Cucurbita species. A method to promote early flowering 
would facilitate the use of late-flowering germplasm to introgress important economic traits into 
cultivated germplasm.  Germplasm curators often face challenges regenerating seed of 
recalcitrant flowering Cucurbita spp. cultigens. A grafting method that forces flowering and 
subsequent fruit and seed set would have benefit for germplasm curators as well. Additionally, 
much more basic scientific information regarding the genetics regulating flowering is needed in 
Cucurbita spp. We hoped to learn more about the role that leaves play in detecting photoperiod 
and floral initiation.  
Grafting of vegetable crops began in Japan and Korea in the 1930’s to reduce pressure 
from soil pathogens under protected culture like greenhouses and high tunnels (Singh et al., 
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2014). Only recently, since the 1990’s, has this technology been adopted by some European and 
U.S. growers (Lee, 1994). Grafting is performed for a variety of reasons including increased 
disease resistance, increased resistance to environmental stresses such as drought, salinity, and 
temperature, and finally, to promote robust and vigorous growth that results in increased yields 
(Guan, et al., 2012).  
Grafting has been shown by some researchers to impact flowering date or phenology. 
Satoh (1996) reported inhibition of flowering in cucumber when grafted to a commercial 
rootstock cultivar of C. maxima x C. moschata. In two early studies, Nienhuis and Lower (1977) 
and Nienhuis and Rhodes (1979) first reported flowering of recalcitrant scions by grafting them 
to early flowering rootstocks. They induced flowering of the wild species C. palmata and C. 
pedatifolia by grafting them to a variety of domesticated Cucurbita rootstocks. In related genera, 
Neinhuis and Lower (1979) induced flowering of a wild cucumber species, Cucumis hardwickii, 
by grafting it to domesticated C. sativus rootstocks. Later, Lin, et al., (2007), demonstrated that 
flowering can be achieved in short day C. moschata varieties grown under long days by grafting 
them to C. maxima varieties adapted to long days. The authors, however, failed to report on 
several important horticultural parameters. Neither the cultivar name nor the typical flowering 
phenology of the C. maxima rootstock was provided, and no flowering phenology data for the C. 
moschata accession were provided. They reported that initiation of flowering occurred but did 
not mention floral anthesis or fruit set. They also reported that they removed leaves along the 
scion, purportedly to allow for translocation of substances from rootstock to the scion. They 
argued that flowering of the C. moschata scion was due to transmission of a phloem-mobile 
protein named FT from the flowering C. maxima rootstock to the scion’s apical meristem where 
it induced the production of reproductive rather than strictly vegetative structures. Further 
31 
 
research has supported the notion that this may be the floral generating signal, or florigen, that 
has vexed plant physiologists for the past 70 years (J. A. Zeevaart, 2008). 
Plants displaying photoperiodic flowering, or photoperiod sensitive plants (PPS), are 
those that have a critical photoperiod for flowering.  They became a focal point for those trying 
to understand the process by which plants transition from vegetative growth to reproductive 
growth. In photoperiodic flowering, photoperiods that induce flowering are called inductive 
while photoperiods that suppress flowering are called non-inductive. Additionally, some plants 
like C. lundelliana are late flowering but their photoperioidic requirements are unknown 
(Walters, T. and Decker-Walters, 1993) and are therefore referred to as recalcitrant-flowering. 
Grafting experiments involving interspecific combinations and selective illumination of leaves or 
shoot apical meristems (SAM) and/or impacts of leaf removal were conducted in various 
locations globally throughout the 1930’s and 1940’s. The Russian plant physiologist Mikhail 
Chailakhyan coined the term florigen, a floral generating agent. His experiments, along with 
numerous others, suggested that in photoperiodic plants, leaves under inductive photoperiods 
generate a signal molecule that travels to the SAM and causes them to begin producing 
reproductive rather than vegetative buds (Romanov, 2012). Chailakyhan also postulated this 
molecule was universal amongst all types of flowering plants (Milyaeva et al., 2002). Current 
biochemical research has tentatively identified florigen as proteins produced by the flowering 
locus T (FT) (Liu et al., 2013). Lin, et al., (2007) presented strong evidence for this by 
transferring four FT gene sequences from C. maxima into the model species Arabidopsis 
thaliana where it caused early and day neutral flowering. Further research in diverse crops like 
rice (Oryza sativa)  (Tamaki et al., 2007), tomato (Solanum lycopersicon), (Lifschitz et al., 
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2006), and potato (Solanum tuberosum), has confirmed that FT genes and their orthologues are 
involved in activation of flowering (Navarro et al., 2011). 
Throughout the quest to understand florigen, some have suggested the existence of floral 
inhibiting compounds, termed anti-florigens. Chailakhyan first proposed the term and Anton 
Lang further developed this idea with his grafting experiments with tobacco (Chailakhyan, 1975; 
Lang, 1977). More recent research appears to give credence to the existence of two sets of gene 
products, some which promote flowering, florigens, and some that suppress it, anti-florigens. 
Research in photoperiod sensitive Chrysanthemum has revealed the existence of gene products 
that promote flowering, but also some that appear to suppress it. Two different gene products 
were identified, one that suppresses flowering under non-inductive photoperiods systemically 
throughout the plant, and another that locally suppresses the transition to reproductive growth 
(Higuchi et al., 2015, Higuchi 2018). Therefore, it is possible that the leaves in late-flowering 
genotypes may be perceiving photoperiod and actively suppressing flowering. If that were the 
case, leaf removal along the scion may play a critical role in promotion of flowering of 
recalcitrant scions grafted to early flowering rootstocks. 
  Grafting seems to hold promise as a tool for promoting flowering recalcitrant Cucurbita 
germplasm, but previous efforts left many questions.  For example: Are large, flowering 
rootstocks required to induce flowering in scions?  Is leaf removal required to induce flowering 
in scions, and how do genetic differences in rootstock flowering affect flowering response in 
scions? The answers to these questions could have practical applications for plant breeders and 
for reproduction of late flowering germplasm at plant germplasm collections. Previous efforts by 
researchers like Lin et al., (2007) used grafting to expand basic biological information regarding 
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floral induction, while we aimed to use this methodology to achieve practical results, facilitating 
cross pollinations and fruit set. 
Preliminary experiments conducted in 2016 and 2017 focused on identifying optimal 
rootstock and grafting methodology. Later, we aimed to determine whether either grafting or leaf 
removal were inducing a stress related response that caused flowering, and whether leaf removal 
along the scion was necessary for male and female flowering and normal fruit development. 
Using two different early flowering rootstocks and two different short-day flowering cultigens, 
we sought to determine whether the grafting response was equally effective in a variety of 
rootstock-scion combinations. Finally, we used the grafting methodology to synchronize floral 
development between recalcitrant-flowering cultigens and day neutral flowering breeding lines 
and enabled cross-pollination between them. 
MATERIALS AND METHODS 
Plant materials and germination conditions 
In 2018, we used two recalcitrant-flowering cultigens: Cucurbita ficifolia (Shark fin 
squash variety Stripe Noodle, Kitazawa Seeds, Oakland, CA, USA) and C. moschata PI 441726, 
a short-day accession from the USDA that was used by Lin et al., 2007. C. ficifolia is reported as 
primarily short-day flowering but some day neutral cultivars have been developed (Andres, 
1990; Lim et al., 2012). During preliminary experiments, we observed that our C. ficifolia was 
short-day flowering as it failed to flower during the 2016 summer field growing season but did 
produce both male and female flowers when grown under photoperiods of 11.5 hours during 
preliminary greenhouse experiments (unpublished data). Two different early-flowering 
rootstocks were employed: a breeding line of C. pepo acorn squash (NH 8-27-10) and a C. 
maxima x C. moschata F1 hybrid (NH1345). The acorn squash breeding line was homozygous 
for Ef, the early flowering gene described in Chapter 1.  In the 2019 field experiment, we used a 
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single scion cultigen, PI 441726, and a single rootstock cultigen, acorn squash breeding line NH 
8-27-10. In the proof-of-concept greenhouse experiment in 2019, the two scion cultigens used 
were a tropical pumpkin, C. moschata from Costa Rica designated ‘Osa Round’, while the other 
scion cultigen was the wild species, C. lundelliana (USDA PI 540896). Both scion cultigens 
initiate flowering late and at high node numbers. 
Seeds were sown in 50-cell plug trays, and seedlings were transplanted into 17 cm pots when 
they reached the two-leaf stage. During germination, plug trays were held in a glass greenhouse 
maintained at 22oC during the day and 18oC at night. Seedlings were watered as needed with 
fertigated with 100 ppm-N (17-4-17, Jack's Professional® fertilizer, JR Peters, Allentown, PA, 
USA).  
Grafting procedures and healing conditions 
Timelines for 2018 and 2019 field experiments are shown in Table 2.1. Based on the 
results of preliminary experiments conducted in 2016 and 2017, we developed the following 
grafting methodology. When the rootstocks had 7-8 nodes of growth, they were topped between 
the 4th and 5th node with a 45o to 60o cut made with a straight razor blade. Each scion was a 2.5 
cm long shoot that included the shoot apical meristem (SAM) and 1-2 additional nodes. A 
reciprocal cut was made to the scion and any large leaves were removed. The scion was splice 
grafted to the rootstock and held together with a plastic grafting clip (Spring Loaded Side-
Grafting Clip, Johnny’s Selected Seeds, Waterville, ME, USA). A newly grafted plant is shown 
in Figure 2.1C. Grafting and healing of grafted plants took place at Macfarlane greenhouses in 
Durham, New Hampshire and plants were transplanted to Kingman Farm in Madbury, NH after 
grafts had healed. To increase relative humidity, plastic bags were placed over the scions and 
nearest leaf while 2-3 of the oldest rootstock leaves were not bagged (Figure 2.1D). Bags were 
35 
 
removed between 6-8 days later based on the perceived turgidity of the scion branch and newly 
developing leaves. After grafting, plants were kept in a healing chamber under humidity domes 
and LED lights providing a mix of red, blue, and white light at an intensity of 150 umolm-2s-1. 
The healing chamber was in a greenhouse and consisted of a 3 m long X 1 m high x 1.5 m long 
enclosure of blackout cloth (Oscura blackout cloth, Ludvig Ssenson, Charlotte, NC, USA). 
strung over a greenhouse bench. Heating mats provided bottom heat during the healing period 
with a thermostat set to 29oC. Pots were placed in solid bottom trays and sub-irrigated with the 
same fertigated water as described previously. Plants were removed from the chamber after 
approximately10 days and held in the greenhouse for an additional three days prior to 
transplanting to field at Kingman Farm in Madbury, NH. The rootstock was maintained as a 
single stem with one lateral branch allowed to develop between nodes 0-4 as a photosynthetic 
source for the scion.  The scion was pruned to a single stem, and leaves were removed from the 




Figure 2.1 Steps involved in grafting for flowering methodology. A: An early flowering acorn 
squash rootstock 21 days old. A 45o incision was made into the rootstock between the 4th and the 
5th node. B: Scion of late flowering cultigen. Leaf area was reduced in order to reduce 
transpiration rates during healing process. C: Scion attached to rootstock using standard grafting 
clip. D: Grafted plant ready to enter healing chamber. A plastic bag was used to increase relative 
humidity near the graft union. Healing of graft union took approximately 10 days with high 




Table 2.1 Timeline for field experiments in 2018 and 2019 
Action performed 2018 Date 2019 Date 
Sowed seeds of rootstock 5/30/2018 4/29/2019 
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Experimental design   
In 2018, eight treatment combinations were tested for each of the two scion cultigens (C. 
ficifolia and C. moschata). Each combination of treatments consisted of scion cultigen with two 
levels: C. moschata 441726 or C. ficifolia, a grafting treatment with four levels: grafted to early 
flowering acorn squash C. pepo subsp. ovifera breeding line, NH 8-27-10, grafted to an 
interspecific hybrid C. maxima x C. moschata designated NH 1345, self-grafted controls, and un-
grafted controls, and leaf removal treatment consisted of two levels: removing all leaves from the 
scion or a single shoot of un-grafted plants for 20 nodes, or not removing any leaves from scion 
38 
 
or selected un-grafted shoot. Leaf removal was performed in same fashion and synchronously 
with leaf removal on grafted as un-grafted plants. Table 2.2 lists all treatments and germplasm 
used. 
The experiment was organized in a completely randomized design with 6 replicate plants 
per treatment combination. The experimental unit was an individual plant for a total of 48 plants 
per scion cultigen. The following data were collected: number of male and female flowers that 
reached anthesis and their node numbers.  ANOVA single factor analysis was employed to 
determine treatment effects by the three factors: scion cultigen, grafting, and leaf removal on 
production of male and female flowers. When significant effects were detected at P<0.05, t-tests 
or Tukey’s HSD were performed to determine individual treatment effects. We also tested for all 
two-way interactions between the three factors and performed Tukey’s HSD at P<0.05 to 
determine interactive treatment effects.  
The experiment was repeated in a reduced fashion in 2019. Due to the difficulties 
experienced with fruit set with C. ficifolia and its very limited fertility with other Cucurbita 
species, it was eliminated from the 2019 experiment. The treatments consisted of grafting with 
and without leaf removal and an un-grafted control. The experiment was also organized in a 
completely randomized design with five replicates per treatment and the experimental unit was a 
single plant. A list of treatments and germplasm is provided in Table 2.2. ANOVA analysis was 





Table 2.2 Treatments used for field experiments conducted at Kingman Farm, Madbury, NH in 












PI 441726 2018, 2019 UGR NLR 6 5 
PI 441726 2018, 2019 UGR LR 6 5 
PI 441726 2018 PI 441726 (SG) NLR 6  
PI 441726 2018 PI 441726 (SG) LR 6  
PI 441726 2018, 2019 NH 8-27-10 (Ac) NLR 6 5 
PI 441726 2018, 2019 NH 8-27-10 (Ac) LR 6 5 
PI 441726 2018 NH 1345 (IS) NLR 6  
PI 441726 2018 NH 1345 (IS) LR 6  
C. ficifolia 2018 UGR NLR 6  
C. ficifolia 2018 UGR LR 6  
C. ficifolia 2018 C. ficifolia (SG) NLR 6  
C. ficifolia 2018 C. ficifolia (SG) LR 6  
C. ficifolia 2018 NH 8-27-10 (Ac) NLR 6  
C. ficifolia 2018 NH 8-27-10 (Ac) LR 6  
C. ficifolia 2018 
 
NH 1345 (IS) NLR 6  
C. ficifolia 2018 NH 1345 (IS) LR 6  
z Scions were the short-day/late-flowering line C. moschata PI 441726 or the short-day/late-
flowering cultigen C. ficifolia. 
 
y Grafting treatments were un-grafted (UGR), self grafted (SG), grafted to early flowering acorn 
squash C. pepo subsp. ovifera breeding line, NH 8-27-10 (Ac), or an interspecific hybrid C. 
maxima x C. moschata designated NH 1345 (IS). Grafting took place when rootstock had entered 
flowering with 7-8 nodes of growth and a single rootstock shoot below the graft union was left as 
a source of photosynthate for developing scions. 
x Leaf removal treatments consisted of either no leaf removal (NLR) or leaf removal for 20 nodes 




Plants were grown on black plastic covered raised beds fertilized with 90 kg/ha N and K 
with 1 meter between plants and 3 meters between rows using standard cultural practices for 
weed and pest control. Weeds within rows were removed manually while spaces between rows 
were mechanically cultivated until vine growth prevented it.  
RESULTS AND DISCUSSION 
 
ANOVA revealed significant major treatment effects on male and female flower 






Table 2.3 Analysis of Variance for impacts of scion cultigen, grafting treatment and leaf removal 
and their interactions on total male flowers (left) and female flowers (right) produced in short-
day flowering C. moschata PI 441726 and C. ficifolia during field experiments conducted at 
Kingman Farm in Madbury, NH in 2018. 
 
 
z Scion treatment consisted of two different scion cultigens: a short-day flowering C. moschata PI 
441726, and a short-day flowering C. ficifolia cultigen.  
y Leaf removal treatment consisted of two levels: removing all leaves from the scion or a single shoot of 
un-grafted plants for 20 nodes, or not removing any leaves from scion or selected un-grafted shoot.  
x Grafting treatments consisted of 4 different levels: grafted to early flowering acorn squash C. pepo 
subsp. ovifera breeding line, NH 8-27-10, grafted to an interspecific hybrid C. maxima x C. moschata 
designated NH 1345, self-grafted controls, and un-grafted controls. Grafting took place when rootstock 
had 7-8 nodes of growth and a single rootstock shoot below the graft union was left as a source of 




Figure 2.3 shows that grafting to early flowering rootstocks combined with leaf removal 
was more effective at promoting male flowering in C. moschata PI 441726 than in C. ficifolia. 




Figure 2.4 shows how scion cultigen and grafting interacted to affect male flower 
production. Male flowering was greatest in C. moschata PI 441726 when grafted to either 
rootstock NH 8-27-10 (Ac) or NH 1345 (IS). In contrast, the production of male flowers was not 
enhanced in C. ficifolia by grafting treatment. Grafting to NH 8-27-10 did enhance female 
flowering in C. ficifolia (Figure 2.6) compared to all other scion x grafting treatment interactions. 
In contrast, grafting treatment alone did not affect female flower production in C. moschata PI 
441726. The differing responses observed between the two scion cultigens to grafting explains 







Figures 2.5 and 2.7 display the interaction between grafting and leaf removal on male and 
female flower production. Although leaf removal did increase flowering, it did not increase male 
or female flowering of scions on self-grafted plants or when conducted on un-grafted plants 
(Figures 2.5 and 2.7). Grafting to NH 8-27-10 combined with leaf removal led to increased male 
and female flower production compared to all other grafting x leaf removal interactions. Grafting 
to NH 1310 combined with leaf removal increased male flowers compared to the un-grafted 
controls with and without leaf removal and self-grafted plants with leaf removal. Scions grafted 
to either early flowering rootstock without leaf removal, and self-grafted plants with leaf removal 
produced a small number of male flowers but no female flowers. Unlike grafting to NH 8-27-10 
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with leaf removal, grafting to NH 1310 did not increase female flowering compared to all other 
treatments. This interactive effect indicates that leaf removal promoted flowering, but only when 
combined with grafting to an early flowering rootstock.  
 
 
During 2018 and 2019 field experiments, no un-grafted scion cultigens produced female 
flowers during the growing season (late May through early October). Table 2.4 shows ANOVA 
results from data combined from 2018 and 2019. The lack of female flowering was most likely 
due to the long photoperiods (14-16 hour) experienced in New Hampshire during the months 
when this field research took place. PI 441726 un-grafted control plants with and without leaf 
removal, along with self-grafted plants with and without leaf removal, produced only a limited 
47 
 
number of male flowers and no female flowers during 2018 and 2019. Production of a few male 
flowers with limited female flowering is typical of short-day or photoperiod sensitive (PPS) 
flowering patterns reported previously in C. moschata (Wu, et al., 2014). Grafting plants to 
either early-flowering rootstock, without leaf removal, resulted in production of male flowers 
(Figures 2.5 and 2.7)). Female flowering was observed only on scions grafted to early flowering 
rootstocks when accompanied by leaf removal (Figures 2.5 and 2.7). However, female flowering 
occurred on only half of the plants that received the grafting plus leaf removal treatment.  
Table 2.4 shows results from the combined analysis of treatments used in both years. 
Grafting and leaf removal interacted to affect male flower production. The interaction is depicted 
in Figure 2.8 and shows that leaf removal was only effective at promoting male flower 
production when scion is grafted to the early flowering rootstock 8-27-10, but leaf removal on 
un-grafted plants does not promote male flowering. Table 2.4 shows that leaf removal affected 
female flower production. A t-test showed that leaf removal increased female flowering 




Table 2.4 Analysis of Variance for impacts of scion cultigen, grafting treatment and leaf removal 
and their interactions on total male flowers (left) and female flowers (right) produced in short-
day flowering C. moschata PI 441726 and C. ficifolia during field experiments conducted at. at 
Kingman Farm in Madbury, NH in 2018 and 2019 
 
 
z Leaf removal treatment consisted of two levels: removing all leaves from the scion or a single shoot of 
un-grafted plants for 20 nodes, or not removing any leaves from scion or selected un-grafted shoot.  
y Grafting treatments consisted of 4 different levels: grafted to early flowering acorn squash C. pepo 
subsp. ovifera breeding line, NH 8-27-10, grafted to an interspecific hybrid C. maxima x C. moschata 
designated NH 1345, self-grafted controls, and un-grafted controls. Grafting took place when rootstock 
had 7-8 nodes of growth and a single rootstock shoot below the graft union was left as a source of 





In 2018, Cucurbita ficifolia showed even less flowering than C. moschata. Un-grafted 
and self-grafted plants with and without leaf removal did not produce any male or female 
flowers. When grafted to the two early flowering rootstocks, only plants on which leaf removal 
was conducted produced male or female flowers. The scions grafted to the interspecific rootstock 
NH 1345 with leaf removal produced male flowers only, while those grafted to the acorn 
rootstock NH 8-27-10 produced male and female flowers (Figures 2.5 and 2.6). The lack of 
flowering observed in C. ficifolia was to be expected, as it has been widely reported as short-day 
flowering (Andres, 1990; Ferriol et al., 2008; Lim et al., 2012). Numerous pollination attempts 
were made with C. ficifolia during 2018 on the plants that produced female flowers and one fruit 
was set and developed normally with seed development to maturity. We also experienced 
difficulty achieving fruit set on flowering plants of C. ficifolia during other experiments in 
greenhouse and field conditions (unpublished data). For this reason, C. ficifolia was not included 
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in the 2019 field experiment as fruit set seemed to be limited by other factors than availability of 
male and female flowers.  
 
 
Figure 2.2 Flowering response of photoperiod sensitive C. moschata accession PI 441726 
grafted to early flowering rootstocks of C. pepo subsp. ovifera and interspecific hybrid C. 
maxima x C. moschata. Plants were grown at the Kingman Farm in Madbury NH under long day 
conditions during summer of 2018. A: Anthesis of male flowers. B: Initiation of female flower. 
C: Female flower two days post-anthesis. D: Developing fruit on grafted plant.  
 
Leaf removal for approximately 20 nodes of scion after the graft union increased floral 
induction compared with treatments where leaves were not removed in those treatments that used 
either early flowering rootstock (Figures 2.6 and 2.7). While some male flowers were induced by 
grafting alone for some scions, female flowering and subsequent fruit set was achieved only 
when we used the leaf removal method.  
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Flowering of recalcitrant scions was not due to a stress response caused by the process of 
grafting itself or the process of leaf removal. In the 2018 field study, both hypotheses were 
tested. Self-grafted plants showed similar flowering response as their un-grafted counterparts, 
demonstrating that grafting stress on its’ own did not trigger early flowering as shown in Figure 
2.4 Leaf removal was also conducted along a selected branch of both un-grafted plants and self-
grafted plants for twenty nodes as with grafted plants. Defoliating of shoots when performed 
without grafting to an early flowering rootstock did not change flowering patterns. Thus, leaf 
removal alone did not cause flowering in scions to occur earlier than their un-grafted 
counterparts (Figure 2.8). Flowering of grafted cucurbits under non-inductive photoperiods did 
not appear to be a stress response to leaf removal or the act of grafting. 
Previous researchers also reported that leaf removal along scions of recalcitrant flowering 
scions can promote female flower production. Nienhuis and Lower (1979) grafted late-flowering 
wild cucumber (Cucumis hardwickii) to day-neutral cucumber (C. sativus) rootstocks. They also 
found that leaf removal promoted female flowering of the late flowering scion compared to non-
leaf removal (Neinhuis, J and Lower 1979). When scion leaves are removed, most photosynthate 
required by the apical meristem is likely produced by the leaves of the early flowering rootstock. 
This method may encourage translocation of substances from the flowering rootstock to reach 
the apical meristems to induce flowering. It may also remove the source of any floral inhibitory 
substances produced by leaves growing under non-inductive photoperiods. The requirement for 
leaf removal for successful induction of recalcitrant-flowering scions when grafted to early 
flowering rootstocks does pose a challenge. If all leaves are removed from the growing scion, 
then the rootstock must be the source of all photosynthate required to sustain growth of the 
defoliated scion. This precludes the possibility of grafting while rootstocks are at an early stage 
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of development. If leaf removal is performed along scion, significant shoot development of 
rootstock is needed, therefore requiring the graft to be performed when the rootstock is of a large 
size (5-7 nodes, approximately 30 days after germination). 
Photoperiod-sensitive cultigens of C. moschata are known to occasionally produce 
limited numbers of flowers even under non-inductive photoperiods (Higuchi 2018). Most 
cultigens of C. ficifolia that we tested were strictly short-day and would not flower at all under 
long days. Additionally, we had difficulty achieving fruit set with C. ficifolia under all 
photoperiods and grafting regimes, suggesting that other unknown environmental factors other 
than long photoperiods could have affected flowering and fruit set. Grafting without leaf removal 
in C. ficifolia failed to induce flowering with either rootstock tested. Grafting with leaf removal 
did result in flowering of some scions as shown in Figure 2.6. 
The acorn squash cultigen used in these studies, NH 8-27-10, is a bush phenotype that 
produces early male and female flowers. As described in Chapter 1, this breeding line is 
homozygous for the dominant early flowering gene designated Ef. Nienhuis and Rhodes (1977) 
reported that using C. pepo as a rootstock induced the most flowers in late flowering scions, 
when compared to numerous rootstocks tested. The degree to which the early-flowering trait is 
needed to induce flower production is uncertain and would require further research.  
Our results are consistent with the hypothesis that leaves growing on day-neutral 
rootstocks produced the needed signal molecule (florigen) to induce flowering in the scion’s 
apical meristems. If such a substance exists, it is apparently conserved enough across the various 
species and cultigens we tested to elicit similar flowering responses. Suppression of flowering on 
grafted plants without leaf removal may be due to two factors. One possibility is the scion leaves 
dilute or block florigen from reaching the apical meristem. Another possibility is that the scion 
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leaves growing under non-inductive photoperiods produce anti-florigen that suppresses the 
conversion from vegetative to reproductive growth. With the recent identification of both 
florigen and anti-florigen proteins, these answers may not be so far away. The grafting 
methodology presented here could be an effective tool for further investigations into florigen and 
anti-florigen, their genetic makeup, and their modes of action. For example, an experiment could 
be conducted in which a short-day flowering cultigen is grown as un-grafted control and also 
grafted to an early flowering rootstock. Leaf removal could be included as a treatment along with 
inductive and non-inductive photoperiods. Newly developing leaves could be sampled, and a 
transcriptomics approach could be used to identify gene products that are up or down regulated 
under the various treatments. The availability of orthologues of florigen and anti-florigen in other 
crops should enable discovery of substances within Cucurbita spp. that are associated with either 
the promotion or the suppression of flowering.  
This method is not without its challenges and there are some important factors to 
consider. Early stage grafting techniques such as the one cotyledon method typically achieve 
high success rates ranging from 83-100% as reported by Guan and Zhao (2015). Grafting at the 
4-5 leaf stage is more difficult and our success rates did not typically exceed 60% (data not 
shown). The placement of the plastic bag over the scion can be problematic as humidity levels 
may be too high and promote fungal infections. Seedling trays can be covered much more 
readily, and humidity can be better controlled on smaller plants using standard humidity dome 
coverings. A large healing room where RH levels can be promoted would be optimal for healing 
large, grafted plants. Another limiting factor was the need for lateral shoot development beneath 
the graft union. Occasionally, grafted plants would lack that lateral shoot which rendered them 
useless. Genotypes that are both early flowering and that have a high degree of lateral branching 
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at low node numbers are likely to be best suited to the application of this technique. Finally, the 
production of female flowers was less uniform than we had hoped. Breeders and germplasm 
curators should consider that not all plants will likely produce female flowers even using this 
methodology.  
CONCLUSION 
Grafting can be an effective tool to induce, promote, and enhance flowering in late season 
and short-day requiring cultigens of Cucurbita spp. Fruit and seed set and development can be 
achieved using the methods described herein. Upon development of the appropriate 
methodology, we used it to facilitate self-pollination and hybridization of recalcitrant flowering 
cultigens and wild species of Cucurbita spp. with elite breeding lines. This method holds 
promise for germplasm curators and plant breeders. Photoperiodic and late flowering represents 
a significant obstacle to introgression of novel genes from wild or unimproved Cucurbita 
cultigens into domesticated ones. We developed a methodology capable of overcoming these 
obstacles and facilitate flowering and cross breeding between diverse Cucurbita cultigens. The 
method is not perfect and does require several important considerations including the use of a 
large rootstock with lateral shoot development below the graft union, leaf removal along scion 
for approximately 20 nodes, and the fact that not every single plant will likely produce female 
flowers. This technique could also be employed by plant physiologists to identify metabolites 
involved in floral promotion and suppression. Researchers interested in using this procedure can 









Squash and pumpkin crops are plagued by a variety of insect pests and plant pathogens. 
Powdery mildew (PM) of cucurbits, which is caused by two fungal species, Podosphaera xanthii 
(Castagne) and Golovinomyces syn. Ersiphe cichorcearum, represents a major plant pathogen for 
Cucurbita crops worldwide (McGrath, M., 1996, Pérez-García et al., 2009). In the United States, 
P. xanthii is the dominant fungal species that causes damage to squash and pumpkin crops 
(Holdsworth, et al., 2016). C. pepo represents the most economically important of the Cucurbita 
species and is the most susceptible to PM (Holdsworth et al., 2016). Currently, control is 
achieved through chemical methods and resistant varieties (Jahn et al., 2002). Race 
differentiation among P. xanthii isolates has been possible in melon, Cucumis melo, but not in 
Cucurbita spp. (Lebeda et al., 2016). Currently, ten melon differential breeding lines provide 
resistance to at least seven different identified isolates of P. xanthii. These sets are used as 
diagnostic tools in both melon and watermelon, Citrullus lanatus (Zhang et al., 2011). In 
pumpkins and squash, Cucurbita spp., race specific reactions have not been reported. Some 
speculate that this is due to lack of complete or qualitative resistance among Cucurbita cultigens 
(Luitel et al., 2016). 
A Cucurbita breeding and genetic program has been ongoing at the University of New 
Hampshire (UNH) since 1940, and a considerable reservoir of improved germplasm has been 
amassed in the three major domesticated species, C. pepo, C. maxima and C. moschata.  
Recently, this program has sought to utilize more tropical germplasm and wild species in an 
effort to improve disease resistance traits, especially resistance to PM. Private and public plant 
breeding programs have generated numerous cultivars in C. pepo and C. moschata with 
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intermediate resistance to PM conferred by a single incompletely dominant gene, Pm-0 (Paris 
and Padley, 2014). This gene was introgressed from a wild species, C. okeechobeensis subsp. 
martinezii, by researchers at Cornell University starting in 1974 (Jahn et al., 2002). The 
resistance provided by Pm-0 is considered intermediate or tolerant, as infection does occur, but 
sporulation is limited to abaxial and adaxial leaf surfaces while petioles and stems remain free of 
visible infection. Plants that are tolerant of a disease will show signs of infection, but damage is 
not severe enough to dramatically reduce productivity (Burchett and Burchett, 2018). Absolute 
resistance or immunity to PM where infection is eliminated entirely is not available to date in 
Cucurbita spp. The various types of genetic resistance described herein could be considered 
tolerance genes as none of them produce immunity. 
The limited genetic variation in commercially available resistant varieties of pumpkin 
and squash underpins the need to investigate and integrate other sources of resistance. PM strains 
have gained resistance to fungicides (Lebeda et al., 2010; M. T. McGrath 2001) and some 
suggest that the resistance provided by Pm-0 is inadequate in some years (Holdsworth et al., 
2016). McGrath et al., 2010, evaluated a wide variety of pumpkins for PMR and found that some 
of the resistant varieties did not offer the same level of protection as in previous years. Thus, 
they proposed that new strains of PM may be evolving with the ability to overcome host plant 
resistance.  
Powdery mildew resistance was first discovered in the wild species C. lundelliana and 
was found to be conferred by a single dominant gene (Rhodes, 1964).   This gene was named Pm 
(Paris and Padley, 2014), but its relationship to the Pm-0 gene has not been established. Whitaker 
(1962) demonstrated the cross compatibility of  C. lundelliana  with both C. maxima and C. 
moschata and speculated about the potential of introgressing resistance into the domesticated 
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species (Bailey et al., 1962). Later, Rhodes developed interspecific breeding populations 
containing C. lundelliana and a variety of domesticated species but, to our knowledge, no 
commercial varieties resulted from this work (Rhodes 1959; Rhodes 1964). Additionally, he 
observed formation of small chlorotic spots on resistant leaves but very little sporulation 
(Rhodes, 1964). We speculate that this was a hypersensitive response, but this has not been 
studied further. Sitterly (1972) also reported on the PM resistance provided by interspecific 
hybrids containing C. lundelliana, but no commercial releases resulted from this work, either 
(Sitterly, 1972). Finally, Holdsworth et al., (2016) and Kahn et al., (2002) mention the existence 
of linkage drag when breeding with C. lundelliana, but neither author provides data to support 
that claim.  
Two other named gene(s) conferring resistance are the recessive genes named pm-1 and 
pm-2 that were identified in a landrace of tropical pumpkin, C. moschata (Adenji and Coyne, 
1983).  Additionally, Zhou et al., 2010 reported on a source of PMR in an Asian landrace of C. 
moschata.  Dr. Zhang, a breeder for Hollar Seed Company (Rocky Ford, CO) discovered another 
gene for PMR in a breeding population that confers stronger resistance than Pm-0 and named it 
Pm-2 (patent No US20130283463A1). Based on segregation data presented in the patent 
application, this gene appears to be an allele at the Pm-0 locus (patent No US20130283463A1).   
Dr. Brent Loy identified a high level of resistance in an Australian landrace of C. 
moschata that we sought to characterize. The breeding line NH 148-15-6, hereafter 148, was 
initially provided by Hybrid Seeds of New Zealand to Dr. Loy and is resistant to PM. Hybrid 
Seeds acquired it as open pollinated landrace that they self-pollinated approximately four times. 
Dr. Loy then self-pollinated it four more times. It is quite uniform in terms of plant architecture, 
fruit shape, fruit quality, and appeared to be homozygous resistant to PM. Dr. Loy noted its 
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resistance during his breeding efforts and based on his observations he speculated that it 
contained a single dominant gene, temporarily designated Pm-A, for resistance. This hypothesis 
is tested herein. It has a globe to oblate shaped green fruit with tan mottling and good eating 
quality. Photographs of the fruit and plants are provided in Figure 3.4. A backcross breeding 
system is currently underway at UNH using a PM susceptible recurrent parent with a tan colored 
butternut (elongated pyriform) shaped fruit and selection for resistant plants. To our knowledge, 
breeding line 148 does not appear to possess any linked deleterious traits or problems typical of 
using wild germplasm as a source of disease resistance.  
One of the major difficulties in researching PMR in Cucurbita spp. is the obligate nature 
of the pathogen, which cannot be cultured outside of its host. As a result, stock plants must be 
grown and maintained as a source of inoculum for controlled studies. We have not found single 
leaf assays to be reliable for screening for PM resistance in Cucurbita plants. In preliminary 
inoculation experiments conducted in 2018, we saw that plants inoculated at the one-leaf stage 
showed susceptibility regardless of their level of genetic resistance (unpublished observations). 
Age related resistance, whereby resistance to a pathogen is seen in adult plants (also called APR-
Adult Plant Resistance) but not seedlings or juvenile plants was reported for resistance to PM in 
cucumber (Angelov and Petkova, 1979) and numerous other crop species (Jones, 2002).  
Previous researchers have reported that young Cucurbita seedlings at the single cotyledon stage 
and one-leaf stage have increased susceptibility to PM compared to their older counterparts 
(Luitel et al., 2016). After studying PM infection on seedlings and on one and two-leaf stage 
Cucurbita spp. plants, Luitel recommended the three to four-leaf stage. They examined a 
collection of Cucurbita spp. accessions from the National Agrobiodiversity Center of Rural 
Development Administration of Korea by inoculating seedlings with PM in a greenhouse setting. 
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In their research, susceptibility appeared to decrease with the age of the seedling (Luitel et al., 
2016). The authors did not speculate whether the accessions contained any of the previously 
named PM resistance genes. This suggests that resistance to PM in Cucurbita spp. may develop 
late in the plant’s life cycle, however, to our knowledge, this has not yet been investigated. 
Therefore, we developed an effective technique for inoculating plants at the 4-5 leaf stage and 
then assigning PMR rankings and phenotypic classes at approximately 25 days post-inoculation.   
Marker-assisted breeding in Cucurbita spp. has been limited to date due to a lack of 
available molecular markers that co-segregate with important economic traits. However, the 
genomes of C. moschata, C. pepo, and C. maxima have all been sequenced and this information 
is available online. Additionally, Holdsworth et al., (2016) published two cleaved amplified 
polymorphic sequence (CAPS) markers that co-segregate with the PMR phenotype conferred by 
Pm-0. The markers are thought to be within 1-1.5 cM of the introgressed PMR locus from the 
wild species C. okeechobeensis subsp. martinezii (Holdsworth et al., 2016). 
Many questions remain unanswered regarding the nature of this new source of PMR. We 
aimed to characterize the resistant response generated by Pm-A, and to determine the inheritance 
of this resistance. We also aimed to determine whether the gene or genes responsible for this 
resistance are located at the same locus as Pm-0. Finally, we aimed to gain insight regarding this 
new resistant gene(s)’s relationship with Pm, the first named PMR gene in Cucurbita spp., found 
in Cucurbita lundelliana.  
MATERIALS AND METHODS 
Plant materials 
Several different breeding lines, F1, F2, and backcross populations were used to 
characterize plant responses to PM infection, to understand the inheritance of this new source of 
resistance, and to understand the relationship between this resistance and Pm-0 and Pm. The 
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breeding line 148 was developed by Hybrid Seeds of New Zealand and UNH and is resistant to 
PM. Dr. Brent Loy noted its resistance during his breeding efforts and based on his observations 
he speculated that it contained a single dominant gene for resistance. It has a globe to oblate 
shaped green fruit with tan mottling and good eating quality (Figure 3.4). During the summer of 
2018 at Kingman Farm in Madbury NH, 148 was crossed to a selection of C. moschata cv. 
‘Waltham Butternut’ designated WBN-1-88, hereafter WBN, that had been self-pollinated 
numerous times in the Loy breeding lab at the University of New Hampshire.  The selection is 
like Waltham butternut in terms of plant architecture, dry matter content of fruit, and soluble 
solids content (SSC) of fruit, but is smaller (1.5 kg vs 2.5 kg) and slightly earlier maturing than 
commercial Waltham butternut.  
 
 
Figure 3.4 The breeding line NH 148-15-6, a source of a new form of genetic resistance to PM, 




The 148 X WBN F1 hybrid was grown in spring 2018 at Macfarlane greenhouses in 
Durham, NH. The F1 was self-pollinated and backcrossed to WBN to generate segregating 
populations. The F1 was not backcrossed to 148. WBN was used as the female parent for 
backcrosses and reciprocal crosses were made. The parent lines and F1, F2, and BC populations 
were grown, inoculated with PM, and evaluated for resistance or susceptibility in the field in 




Figure 3.5 Lineage of populations used to determine monogenic inheritance of Pm-A, a new 
resistant gene that confers PMR in Cucurbita moschata. Genotypes included the susceptible 
control Waltham butternut selection (WBN) and 148-15-6 (148) resistant donor line of C. 
moschata with round to oblate fruit.  
 
In his efforts to breed improved Cucurbit cultivars, Dr. Brent Loy developed an elite 
inbred breeding line of butternut squash with high levels of carotenoid content and increased dry 
matter and sugar content designated NH 204-3916, hereafter 204. 204 is a butternut squash with 
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excellent eating quality that is PM resistant. It is homozygous for Pm-0 as confirmed through 
field and molecular screening. Breeding line 204 was crossed with 148 in the greenhouse during 
spring of 2018. The F1 hybrid was test-crossed to the susceptible breeding line, WBN, during 
summer of 2018. That summer, the F1 hybrid of 204 X 148 showed very high levels of PMR in 
the field. During 2019 and 2020, this di-hybrid cross was molecularly screened for the Pm-0 
SNP marker to assist with phenotyping and later inoculated with PM and evaluated. Details 
about the SNP marker development and validation are described below. The test cross was 
preferable over the F2 population since the F2 would only have 1/16 susceptible plants if Pm-A 
and Pm-0 are conferred by single dominant genes that segregate independently. In contrast, the 
backcross to the susceptible parent, WBN, would have ¼ susceptible plants if Pm-A and Pm-0 
are conferred by single dominant genes that segregate independently. Figure 3.6 displays the 





Figure 3.6 Lineage of breeding lines used in di-genic inheritance and allelism tests. Cultigens 
included the susceptible control Waltham butternut selection (WBN), the Pm-0/Pm-0 resistant C. 
moschata breeding lines NH 204-3916 (204), and the resistant C. moschata breeding line 148-
15-6 (148). 
 
For objective 3, determining the relationship between Pm-A and Pm, 148 and WBN as 
described above were used along with PI 540896, a USDA accession of Cucurbita lundelliana. 
C. lundelliana is a long sprawling vine with deeply incised palmately lobed leaves and makes a 
small (100 g) green round striped fruit with a hard shell and very bitter flesh (Figure 3.7). Its 
flowering requirements are poorly understood and may be very late to flower. During spring of 
2019 we used the grafting method described in Chapter 2 (Ogden and Loy, 2018), to facilitate its 
flowering and crossed with breeding line 148 as the female parent. C. lundelliana is not desirable 
as the female parent as its seeds possess an unknown dormancy factor that inhibits germination 
(unpublished observations). The 148 fruit pollinated with C. lundelliana developed normally and 
produced approximately 100 well filled seeds per fruit. The F1 hybrid was grown in the 
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148
                    
 Cross performed spring 2018
F1
204   148
                    
To make segregating population
(204   148)   WBN
Grown and evaluated for PM resistance
in field and greenhouse in 2019 and 2020
Expected ratio 3 1 Res Sus if     and     are non allelic and segregate independently
F1 grown in field summer 2018
and crossed to susceptible breeding 
line WBNF1
204   148
                    
 WBN
                    
Molecularly screened for    0 SNP marker
Expected ratio for marker 1 1                     
If     is caused by a single dominant gene that segregates independently from     then 
          plants would segregate 1  1 Res  Sus
64 
 
greenhouse during the summer of 2019. PM was present in the greenhouse at the time and 
fungicides were not applied. The F1 hybrid displayed a very high level of resistance and did not 
develop any symptoms on any plant parts. To test for allelism with Pm, the F1 was crossed to the 
susceptible control breeding line WBN with WBN as the female parent. Like with Pm-0, the 
testcross was preferred to the F2 as the F2 would be expected to have only 1/16
th susceptible 
plants while the testcross would have ¼ susceptible plants if Pm and Pm-A segregate 
independently.   
 
 
Figure 3.7 Cucurbita lundelliana PI 540896 vine and fruit. C. lundelliana is a wild species of Cucurbita 
native to Mexico and Guatemala. Fruit has a hard shell and very bitter flesh that is green and soapy when 
mixed with water. C. lundelliana contains a single dominant gene for PM resistance. It hybridizes to 
produce fertile offspring with some cultigens of C. moschata and C. maxima.  
 
Molecular genetic screening  
A private company (Ag Bio Tech, Monterey, CA, USA) performed molecular screening 
using fresh leaf tissue samples collected at UNH and shipped to them overnight. They first ran an 
initial test of the two CAPS markers presented by Holdsworth et. al (2016). They were provided 
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with breeding lines and F1 hybrids from the Loy Cucurbit breeding program of C. pepo subsp. 
ovifera and C. moschata that were thought to be homozygous for the susceptible allele, pm-0, 
homozygous for the resistant allele Pm-0, and heterozygous for Pm-0.  In all cases, marker 
genotypes matched the expected results based on phenotypic observation during Dr. Loy’s 
breeding efforts.  Marker analysis revealed that breeding line 204 was homozygous for the 
marker allele co-segregating with Pm-0. Breeding line 148 and WBN were homozygous for the 
susceptible allele, pm-0. To reduce costs and increase efficiency, Ag Bio Tech converted the 
CAPS marker (designated by Holdsworth et al. as S9_1539675) into a SNP (Single Nucleotide 
Polymorphism) marker (SNP 9675). For allelism tests between Pm-A and Pm-0, the Pm-0 SNP 
marker was deployed to determine which plants likely carried the dominant or recessive Pm-0 
allele.  
Screening for PM resistance  
Screening for PMR was done in the field in 2019 and 2020 at the Kingman Research 
Farm and in the greenhouse in spring of 2020. During both field and greenhouse experiments, no 
fungicides were used for disease control.  In all experiments, PM inoculum was prepared in the 
same fashion. Two to three leaves of either cucumber or squash heavy with natural PM infection 
growing at Macfarlane greenhouse in Durham, NH, were placed in a beaker containing 500 mL 
of water. Plant material was macerated in the water, releasing conidia into suspension. The 
extract was strained through four layers of cheesecloth and conidia were quantified with a 
microscope and a hemocytometer. Spore counts were adjusted to 5 X 105 spores/mL. Tween-20 
was added at a concentration of .01% to reduce clumping of conidia. For field experiments in 
both years, two leaves of each plant and both their abaxial adaxial surfaces, attached petioles, 
and neighboring leaves were sprayed to dripping using a hand-held misting spray bottle. This 
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methodology is similar to methods used by Zhang et al., 2011.  For 2020 field season, COVID-
19 policies prevented quantification of spores, but the same procedure was followed otherwise.  
Plants were inoculated at the 10-12 leaf stage approximately 40 days after transplanting (Table 
3.1). Based on visual assessment of disease infection, plants were categorized as resistant or 
susceptible. In plants classified as resistant, sporulating colonies of PM covered less than 35% of 
all plant tissues (leaf abaxial and adaxial surfaces, stems, and petioles). The number of nodes that 
were symptom-free were counted.  Resistant plants would typically display 6-8 disease-free 
nodes while susceptible plants would have 1-3 disease free nodes. Resistant plants also displayed 
chlorotic spotting on leaf abaxial surfaces in lieu of PM growth and development. Susceptible 
plants had sporulating colonies of PM that covered 35-75% of all plant tissues (leaf abaxial and 
adaxial surfaces, stems, and petioles). Breeding lines 148 and 204 were both classified as 
resistant during all experiments and the breeding line WBN was always classified as susceptible.   
For greenhouse inoculations, plants were grown in 17 cm. diameter pots containing Pro-
Mix BX (Premier Tech Horticulture, Quakerstown, PA) and inoculated at the 5-leaf stage by 
covering the entire plant to dripping with the liquid suspension. Under greenhouse conditions 
(environmental conditions described below), visible infections would begin approximately 9 
days after inoculation. Plant responses were observed over a 30-day period after infection and 
phenotypic classification was performed 25 days after inoculation. In 2020 greenhouse and field 
experiments, a finer classification system was used to assign phenotypic classes. Greenhouse 
observations under heavy PM pressure revealed phenotypic differences between symptoms 
observed in the donor line (148) and the F1 hybrid (148 X WBN), suggestive of incomplete 
dominance. Plants were rated on a 0-4 scale as follows: 0= free of any signs of PM, 1= PM 
colonies cover less than 10% of all plant tissues (leaf abaxial and adaxial surfaces, stems, and 
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petioles) 2= PM colonies cover 10-35% of all plant tissue, 3= PM colonies cover 35-65% of all 
plant tissue, and 4= PM colonies cover greater than 65% of all plant tissue. For the single gene 
model, classes 0, 1, and 2 were all classified as resistant and classes 3 and 4 were classified as 
susceptible. In our observations, plants with less than 35% PM coverage can still yield normally 
with little or no fungicide use.  Comparisons between segregating plants and breeding lines and 
F1 hybrids also assisted in phenotypic classification. Throughout the experiments, the breeding 
lines 204 and 148 always classified as 1’s. The F1 hybrids of 204 X WBN and 148 X WBN 
always classified as 1’s or 2’s. WBN was always classified as susceptible with a ranking of 3 or 
4. The breeding line 204 X 148 always classified as the most resistant with a rating of 0. 
Microscopic observations of PM colonies were not performed so distinguishing between hyphal 
growth and conidiophore development was not possible. In 2020, both single gene with complete 
dominance and single gene with incomplete dominance hypotheses were tested. Classes 0 and 1 
were considered highly resistant, class 2 was intermediate resistant and classes 3 and 4 were 
susceptible. In 2019, the two-class system of R/S was used while in 2020 field and greenhouse 
experiments, the 0-4 rating system with three classes was used. 
Experimental site description-Field experiments 
Experiments took place at the Kingman Horticultural Research Farm in Madbury, New 
Hampshire between the months of June to August during 2019 and 2020. All plants were grown 
on raised black plastic covered beds 0.81 meters in width and 0.15 meters in height fertilized 
with a pre-plant granular fertilizer to provide 90 kg/ha N (27-0-0 N-P2O5-K2O calcified 
ammonium nitrate) and K (0-0-60 N-P2O5-K2O muriate of potash). Fertilizer was surface applied 
and incorporated prior to raised bed establishment. Soil tests revealed sufficient phosphorus 
levels already present in the soil. Standard insect pest management methods were employed to 
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control any insect pest problems, but fungicides were not used. Weed control between beds was 
provided with mechanical and manual cultivation. All plants were seeded in 50-cell plug trays at 
the Macfarlane greenhouse in Durham New Hampshire and after germination, were fertilized by 
hand watering with a constant feed rate of 100 ppm-N with the fertilizer (17-4-17 N-P2O5-K2, 
Jack's Professional® fertilizer, JR Peters, Allentown, PA, USA). Seedlings were transplanted to 
the field at the 1-2 leaf stage of development. A timeline for actions performed in all three 
experiments is presented in Table 3.1. 
Experimental site description-Greenhouse experiments 
All plants were seeded in 50-cell plug trays at the Macfarlane greenhouse in Durham 
New Hampshire and after germination, fertilized by hand watering fertigated water at a constant 
feed of 100 ppm-N with the same fertilizer 17-4-17 (N-P2O5-K20). Seedlings were transplanted 
to 17-centimeter pots filled with Pro-Mix BX (Premier Tech Horticulture, Quakerstown, PA) 
potting mix at the 1-2 leaf stage of development. After transplanting, plants were moved to a 
double layered polyethylene covered greenhouse at Woodman Horticultural Research Farm in 
Durham, NH. No supplemental lighting was used, and greenhouse was maintained at 
approximately 24oC during the day and 18oC at night. Plants were watered as needed and 
fertigated at each watering with 150 ppm-N with the same fertilizer 17-4-17 (N-P2O5-K20). 
Plants were inoculated at the 4-5 leaf stage and then observed over a 30-day period. Plants were 
kept pruned to single vines by removing lateral branches to prevent between-plant competition. 




Table 3.1 Timeline of experiments conducted in the field at Kingman Farm in Madbury, NH and 
greenhouse at the Woodman Farm in Durham, NH in 2019-2020. 
Action performed 2019 field 2020 greenhouse 
experiment 1 
2020 field 2020 greenhouse 
experiment 2 
Seeded all plants in 50 cell 
plug trays 
6/6/2019 4/16/2020 6/4/2020 10/7/2020 
Transplanted to field 6/15/2019 NA 6/16/2020 NA 
Potted to 17 cm pots NAz 5/4/2020 NA 10/27/2020 
 
Moved plants from 





















Plants phenotyped for PM 
resistance 
9/7/2019 6/5/2020 8/21/2020 12/1/2021 
z NA means not applicable to that experiment. 
 
Experimental design 
Randomized complete blocks were deployed in the field to screen for PMR. Each block 
was one row that contained 10-16 plants from segregating populations (WBN X 148) X 148, 
(204 X 148) X WBN, and (WBN X 148) F2 along with sets of 3 control plants including WBN, 
204, 148, and the F1 hybrids WBN X 148, WBN X 204, and 204 X 148. Each block was 
separated by 1.8 meters while individual plants were separated by 0.91 meters. During 2019, 
2.74 meter spacing used between rows while in 2020 this was expanded to 3.66 meters. Chi-
squared analysis was used to test a single gene model of inheritance of Pm-A. Allelism tests were 
carried out at the same time. If Pm-0 and Pm-A were allelic then the test cross (204 X 148) X 
WBN would not yield any susceptible plants. If ¼ of the plants from this cross were susceptible, 
then Pm-A and Pm-0 were located at separate loci and segregated independently. Plants from the 
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test cross were screened for Pm-0. If the two genes were non allelic and Pm-A was caused by a 
single dominant gene, then ½ of the plants that were recessive for Pm-0 would be resistant and 
half would be susceptible. Inheritance of Pm-A was also analyzed using only the segregants that 
were homozygous susceptible (S/S) for SNP 9675. In all studies performed using the (204 X 
148) X WBN test cross, SNP 9675 segregated 1:1 as expected.  
In all greenhouse studies, completely randomized designs were used for the inheritance 
and allelism tests. During spring of 2020, populations of 49 plants each were grown of the WBN 
x 148 F2 and the test cross (204 X 148) X WBN. Three plants of each parent line (WBN, 148, 
204) and F1 hybrids (148 X WBN, 204 X WBN, and 204 X 148) were inoculated using the 
previously described method. Responses to infection were observed over a 30-day period and 
plants were classified as either resistant or susceptible. The dihybrid test cross was screened for 
the SNP 9675 and all plants were either heterozygous for Pm-0 or homozygous for the 
susceptible allele, pm-0. This population was expected to segregate 1R:1S for SNP 9675 marker. 
Of the plants that were recessive for SNP 9675, we expected half of them to be resistant if the 
resistance conferred by Pm-A was caused by a single dominant gene. Other expected ratios 
include 3:1 R:S for the F2 population. The dihybrid test cross (204 X 148) X WBN was expected 
to segregate 3:1 R:S if Pm-0 and Pm-A segregated independently. During the fall of 2020, sixty-
three plants of the testcross, WBN X (148 X C. lundelliana PI 540896) were grown alongside 5 
control plants each of WBN and 148 in the greenhouse. Molecular screening was not possible 
due to the lack of available markers for Pm-A and Pm.  
RESULTS AND DISCUSSION  
Responses of parental breeding lines to PM inoculation were similar in all experiments. The 
two resistant breeding lines were always classified as a zero or 1 (<10% PM colonies on all plant 
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tissues).  The phenotypic expression of Pm-0 is the lack of sporulation on petioles/stems while 
leaf abaxial and adaxial surfaces may become nearly as infected as susceptible leaves. Pm-0 in 
the heterozygous state is less effective at preventing sporulation on leaf surfaces than when 
homozygous. Pm-0 has been previously described as incompletely dominant, and our results 
support this claim (Holdsworth et al., 2016).  
Screening for Pm-A is more challenging because some mycelial growth and sporulation 
may occur along stems and petioles in addition to leaf surfaces. Since Pm-A appears to be a 
partial resistance gene, phenotyping for it requires assessing disease severity, not simply looking 
for the presence or absence of disease symptoms. In plants that are homozygous for Pm-A, sites 
of initial PM infection on leaves become chlorotic (Figure 3.2) and the leaves will usually 
senesce prior to mycelial development and sporulation. This response may significantly reduce 
secondary inoculum that would normally cause further infection and proliferation of the 
pathogen. Like Pm-0, Pm-A also appears to be incompletely dominant as F1 hybrids of 148 X 
WBN were all classified as resistant but did present more symptoms than the homozygous 
breeding line 148. The incomplete nature of the gene’s expression may have contributed to some 
plants being misclassified. Under very heavy pressure from PM, sporulation did occur on both 
the donor line 148 and the hybrid 148 X WBN although it was greatly reduced in both the F1 
hybrid and the donor line 148 as compared to the susceptible control, WBN. 
The response displayed by the susceptible breeding line WBN was very different and was 
typified by PM colonies covering at least 35% of all plant tissues including stems and petioles. 
Powdery mildew colonies often coalesced to form lawns on leaf abaxial surfaces. This eventually 
caused the production of large amounts of secondary inoculum and ultimately leaf senescence. 
The susceptible response displayed by WBN can be seen in Figure 3.1. In all experiments, 
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Figure 3.1 Phenotypic susceptible response to infection by PM in C. moschata breeding line NH 
WBN 1-88. A: 25 days after inoculation, PM symptoms on susceptible plant. B: Sporulating 
conidia can be observed on all plant parts including leaf abaxial and adaxial surfaces, leaf 
petioles, and main growing stem. C: PM infection 35 days post inoculation. Visible colonies of 
PM eventually coalesce to form a lawn. D. A susceptible leaf abaxial surface covered with a 
lawn of PM providing secondary inoculum that will cause further infection and proliferation of 




 Approximately 25 days after inoculation, plants were classified as either resistant or 
susceptible. Susceptible plants showed extensive PM conidia development on all plant parts 
including main stem, leaf petioles, and leaf abaxial and adaxial surfaces. After 21 days, 
susceptible plants had only 1-3 nodes of healthy new tissue located near the apical meristem. On 
resistant plants showing the Pm-A phenotype, conidia development was greatly reduced on all 
plant parts. Chlorotic spots appeared on leaves following infection, but sporulation was greatly 
limited. Resistant plants often had 5-7 nodes of healthy disease-free tissue at 21 days post-






Figure 3.2 Resistant phenotypic responses to infection by the fungal pathogen Podosphaera 
xanthii. A shows breeding line 148 (homozygous for Pm-A) response to PM infection after 25 
days. Infection and sporulation are greatly reduced on all plant parts compared to susceptible 
control. B: Yellow chlorotic spots observed as part of response to pm infection in place of 
sporulating colonies in breeding line 148. C: Two plants of the breeding line 204 that is 
homozygous for Pm-0, the widely deployed resistant gene found in most PM tolerant Cucurbita 
cultigens. Pm-0 keeps stems and petioles free of any PM symptoms. D. Cultivar with Pm-0 in 
heterozygous state. Pm-0 is incompletely dominant and leaf abaxial surfaces may display 
sporulation in cultigens that are heterozygous for Pm-0 as shown here.  
 
Inheritance of Pm-A in NH 148 
The resistance found in NH 148 appears to be due to a single dominant to incompletely 
dominant gene. In 2019, the test cross (WBN X 148) X WBN population segregated 19R:10S 
and that supported the single gene hypothesis (chi-square p=0.0947). Although the hypothesis 
was not rejected, there was some deviation from the predicted 1:1 ratio, with an excess of 
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individuals classified as resistant. The F2 population had an excess of susceptible plants and 
segregated at a ratio of 32R:23S and this failed to meet the single gene model (chi-square 
p=0.0043). In 2020, a larger F2 population of 123 plants was deployed and they segregated at a 
ratio of 101R:22S (chi-square p= 0.0685), which did support the single gene model (Table 3.2). 
During 2020, the finer classification system enabled detection of differences in level of 
resistance among segregating F2 progeny. Using a classification system of three classes, the 2020 
F2 population segregated in a manner consistent with a single incompletely dominant gene 
(1R:2IR:1S, chi-square p=0.188). In 2020, segregation in the F2 population fit this model better 
than the single gene completely dominant model. In 2020, the test cross population segregated at 
a ratio of 5R:19S (chi-square p=0.0043), which failed to meet the single gene model. In this 
experiment, there was heavy PM pressure from both natural infection and the inoculation 
methodology. The higher pressure may have overwhelmed resistance provided by Pm-A in the 
heterozygous state. In the greenhouse study in 2020, the F2 population segregated 39R:10S (chi-
square p=0.4579), supporting the single gene model. When the three-class system was used to 
analyze greenhouse segregation data, a better fit was also obtained (chi-square p= 0.7591), which 




Table 3.2 Inheritance of Pm-A resistance gene in C. moschata monohybrid crosses. Plants were 
grown in the field at Kingman Farm in Madbury, New Hampshire or in a greenhouse at 
Woodman Horticultural Research farm in Durham, NH during 2019 and 2020. Plants were 
inoculated with a liquid suspension of PM spores and then rated as either resistant or susceptible 

















2 (p) Number 
of plants 
(R:S) 
2 (p) Number of 
plants (R:S) 
2 (p) 
WBN 0:1 0:32 1 0:54 1 0:3 1 
148 1:0 32:0 1 42:0 1 3:0 1 
F1 (WBN× 148) 1:0 24:0 1 42:0 1 3:0 1 
(WBN×148)  ×WBN 1:1 19:10 0.0947 5:19 0.0043 NA NA 












z Genotypes are WBN-susceptible control, inbred Waltham butternut selection, 148-15-6 (148) resistant 
donor line of C. moschata with round to oblate fruit. F1 is WBN 148, F1 X WBN is a backcross of the F1 
(WBN X 148) to WBN. The F2 was generated by self-pollinating the F1 (WBN X 148).  
y Expected ratio for a single dominant gene model of test-cross (WBN X 148) X WBN was 1:1 Resistant: 
Susceptible (R:S) and expected ratio for F2 was 3:1 R:S. In 2020, three phenotypic classes were assigned: 
Resistant (R), intermediate resistant (IR) and susceptible (S) based on the observation that Pm-A appeared 
incompletely dominant in its resistance. Expected ratio for a single incompletely dominant gene for the F2 
population was 1:2:1 R:IR:S. 
x NA signifies not available since the incompletely dominant gene model was not tested in 2019. The test 
cross (WBN X 148) X WBN was not grown in 2020 greenhouse experiment. 
 
Pm-A, like Pm-0, could be considered a partial resistance gene since it reduces but does not 
eliminate PM development. Like Pm-0, it also does not appear to be race-specific since plants 
were likely exposed to varying races of P. xanthii throughout the three years of this research. 
Thus, neither gene would be considered a classical R gene that confers race-specific gene-for-
gene resistance that confers absolute resistance or immunity. Lack of a differential set of 
Cucurbita spp. cultivars currently hinders breeding progress as testing for race specificity is not 
possible. Other problems limiting breeding progress includes lack of standard inoculation and 
screening methodology and a universal phenotyping and scoring system (Lebeda et al., 2011).  
Holdsworth et al. (2016) speculated that the source of Pm-0, C. okechobeensis subsp. martineezi, 
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may contain additional modifying genes and that the resistance it contains may not be due to Pm-
0 exclusively. That could explain why cultivars containing Pm-0 have only intermediate 
resistance or tolerance.  Since Pm-0 and Pm-A appear to both be partial resistance genes, the 
possibility of stacking the two genes to achieve a higher level of resistance is feasible.  
Independence of Pm-O and Pm-A 
The di-hybrid test cross segregated as expected according to di-genic Mendelian inheritance 
patterns in all three experiments. If the two resistant donor lines, 204 and 148, each carry a single 
independently segregating gene for resistance then the test cross (204 X 148) X WBN was 
expected to segregate at a ratio of 3R:1S. If they carried the same gene, all progenies would be 
resistant. If Pm-0 and Pm-A are linked genes, then we would expect to see segregation distortion 
and deviation from the 3R:1S expected ratio for the entire population. In 2019 (chi-square p= 
0.4142) and 2020 field experiments (chi-square p= 0.2625) and in greenhouse experiment (chi-
square p= 0.8045), observed phenotypes were consistent with a 3R:1S segregation ratio (Table 
3.3). The presence of ¼ susceptible plants in all three experiments supports the hypothesis that 
Pm-A and Pm-0 are located at different loci and segregate independently. The absence of 
segregation distortion during in all three experiments suggests that the two genes are non-linked 
and located either on different linkage groups or sufficiently distant from each other on the same 
linkage group to allow for independent assortment. The Pm-0 SNP marker also segregated 
according to expected ratios (data not shown). Approximately ½ of all plants screened were Pm-
0/pm-0 and half were pm-0/pm-0. Of the plants that were pm-0/pm-0, half should have been 
resistant to PM if breeding line 148 also contained a single dominant resistant gene. In 2019 field 
(chi square p= 0.1172) and 2020 greenhouse experiments (chi-square p=0.7054), segregation 
patterns supported this hypothesis (Table 3.3). During the 2020 field experiment, there was an 
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excess of plants classified as resistant and the single gene model was not met (chi-square 
p=0.0125). Use of the molecular marker for Pm-0 was critical to this experiment. Determining 
which plants carried Pm-A would have been very difficult if Pm-0 marker genotype was not 
known. Future breeding efforts should focus on developing a molecular marker for Pm-A, if it is 





Table 3.3 Digenic inheritance and allelism tests between Pm-0 (currently deployed resistant 
gene in Cucurbita spp.) and new source of PMR, provisionally designated Pm-A. Plants were 
grown in the field at Kingman Farm in Madbury, New Hampshire or in a greenhouse at 
Woodman Horticultural Research farm in Durham, NH during 2019 and 2020. Plants were 
inoculated with a liquid suspension of PM spores and then rated as either resistant or susceptible 
at approximately 21 days post-infection. 
Cultigen/population z 

















WBN pm-0/pm-0 0:1 0:32 1 0:54 1 0:3 1 
204 Pm-0/pm-0 1:0 24:0 1 21:0 1 3:0 1 
148 pm-0/pm-0 1:0 32:0 1 42:0 1 3:0 1 
(204 X 148) F1 Pm-0/pm-0 1:0 24:0 1 24:0 1 3:0 1 
WBN X (204 X 148) 
F1w 
- 3:1 51:21 0.414 69:17 0.263 36:13 0.804 
WBN X (204 X 148) F1 pm-0/pm-0 1:1 12:21 0.117 35:17 0.013 15:13 0.705 
 
z Cultigens included the susceptible control Waltham butternut selection (WBN), the Pm-0/Pm-0 resistant 
C. moschata breeding lines NH 204-3916 (204), and the resistant C. moschata breeding line 148-15-6 
(148).  
y A SNP marker tightly linked to Pm-0 (SNP 9675) was used to screen parental cultigens and the testcross 
populations. PMR phenotypes are presented first for the entire testcross population. The next line presents 
only data for plants that were homozygous susceptible (pm-0/pm-0) as predicted by SNP9675. Such 
individuals that displayed resistance (R) were resistant due to Pm-A, a new locus for PMR in C. 
moschata. 
x Expected ratios of resistant (R) and susceptible (S) plants if PMR in 148 is conferred by a single 
dominant gene that segregates independently from Pm-0. Test cross WBN X (204 X 148) F1 was expected 
to segregate 3:1 R:S if Pm-0 and an additional single dominant gene for resistance (Pm-A) segregated 
independently. The subset of the testcross that was homozygous susceptible for Pm-0 (pm-0/pm-0) was 
expected to segregate 1:1 R:S if donor line 148 contained a single dominant resistant gene.  
w For the WBN x (204 x 148) F1 testcross population, the entire populations were screened with 
SNP9675. It segregated 1:1 in all populations tested (data not shown). PMR phenotype inheritance is 
shown first for entire population and then only data for plants that were homozygous susceptible (pm-
0/pm-0) as predicted by SNP9675. 
 
 In all experiments, the F1 hybrid 204 X 148 that is heterozygous for both Pm-0 and Pm-A 
showed a very high level of resistance (Figure 3.3). In 2019, nine plants were identified from the 
dihybrid test cross that were heterozygous for SNP 9675 (and presumably Pm-0) and showed a 
higher level of resistance than the other Pm-0 heterozygotes.  In the greenhouse, of the 21 plants 
that were heterozygous for Pm-0, six appeared to have a higher level of resistance than the other 
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Pm-0 heterozygotes. Similarly, in the field in 2021, of the 34 Pm-0 heterozygotes, 12 appeared to 
have greater resistance than the other Pm-0 heterozygotes. This suggests that a higher level of 
resistance may be obtained from stacking the two resistant genes, Pm-0 and Pm-A, than is 
obtained from either gene functioning alone, and that the use of SNP 9675 may facilitate this 
stacking.  
 
Figure 3.3 Powdery mildew resistance observed in an F1 hybrid containing Pm-0 and Pm-A in 
heterozygous states. When the two breeding lines NH 148 (homozygous for Pm-A) and NH 204 
(homozygous for Pm-0) are hybridized, the F1 is highly resistant to PM as seen in numerous field 
and greenhouse studies conducted at the University of New Hampshire in 2018, 2019, and 2020. 
Panel A shows two plants of this F1 hybrid 14 days post inoculation during greenhouse 
experiment. Note the clean stems and petioles and limited sporulating colonies on leaf surfaces. 
Allelism tests were conducted by crossing this F1 to the susceptible cultigen WBN. Panel B 
shows susceptible response in WBN also 14 days after inoculation. Panel C provides a close-up 
view of sporulating colonies of PM on WBN leaf abaxial surface. Those colonies will eventually 
coalesce to form a lawn of mycelia and conidia. 
 
Independence of Pm-A and Pm 
 Based on segregation data obtained during the fall 2020 greenhouse experiment, Pm-A 
and Pm appear to be located at different loci as they segregated independently in the test cross 
analyzed, WBN X (148 X C. lundelliana PI540896). Phenotypic responses of WBN compared to 
148 can be seen in Figure 3.8. The test cross population segregated 3R:1S as to be expected 
(Table 3.4). Of the 63 plants analyzed, 42 were classified as R and 21 were classified as S. This 
was consistent with the 3R:1S two-gene model of inheritance (chi-square p= 0.1266) (Table 3.4). 
Segregating plants showing the susceptible response and the resistant response 30 days post 
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inoculation are shown in Figure 3.9. Like Pm-A, Pm has also been reported to cause chlorotic 
spotting in lieu of PM development (Rhodes 1963). Some segregants showed very high levels of 
chlorotic spotting as shown in Figure 3.9. Number of disease-free nodes was negatively 
correlated with % coverage of leaf tissue with sporulating colonies (r=-0.82). Clear differences 
were observed between 148 and WBN, two of the parent lines. 148 had an average (n=5) of just 
2.3% coverage of al plant parts by PM while WBN had an average (n=5) 64.2% coverage by PM 
(p<0.001). 148 displayed an average of 7 symptom free nodes while WBN had an average of 1.6 
nodes of symptom free tissue (p<0.001) This finding indicates that Pm-A and Pm may slow 
disease progression through the plant. 
 
Table 3.4 Digenic inheritance and allelism test between Pm (single dominant gene for PM resistance 
found in C. lundelliana) and new source of PMR, provisionally designated Pm-A. Plants were grown in a 
greenhouse at Woodman Horticultural Research farm in Durham, NH from October 15th to December 15th 
2021. Plants were inoculated with a liquid suspension of PM spores and then rated as either resistant or 








WBN 0:1 0:5 1 
148 1:0 5:0 1 
Test cross (148 X C. lundelliana 540896) X WBN 3:1 42:21 0.127 
 
Z Cultigens included the susceptible control Waltham butternut selection (WBN), and the resistant C. 
moschata breeding line 148-15-6 (148) as controls and a test cross population. Both lines, 148 and C. 
lundelliana are thought to contain single dominant genes for PM resistance.  We sought to determine 
whether the two gens are located at the same loci or not. 
y Expected ratios of resistant (R) and susceptible (S) plants if PMR in 148 is conferred by a single 






Figure 3.8 Responses to PM inoculation after 30 days displayed by susceptible breeding line WBN (left) 





Figure 3.9. Resistant (left) vs. susceptible responses (right) within a segregating population. Population 
was a test-cross of two PM resistant lines crossed together (148 X C. lundelliana PI 540896) and then 





Powdery mildew symptom development is qualitatively different in plants containing Pm-0 
and Pm-A. As previous researchers have pointed out, Pm-0 keeps stems and petioles free of any 
sporulating colonies of PM. Leaf abaxial surfaces, however, may become symptomatic 
especially in plants heterozygous for Pm-0. Pm-A acts differently in that some sporulation may 
occur on stems and petioles, especially on inoculated plant parts. However, sporulation is greatly 
reduced in plants that carry the Pm-A allele. Infection of leaf abaxial surfaces of plants with Pm-
A is reduced compared to leaves of plants with Pm-0. In the donor line, 148, sporulation on leaf 
surfaces is greatly limited (<10% coverage) but rather a response of chlorotic spots followed by 
leaf senescence is observed. We speculated that the chlorotic spotting may be a type of hyper-
sensitive process in which infected plant cells senesce, thus impeding the growth of the 
pathogen. Guo et. al., 2019, used transgenic methods to transfer a PM resistant gene (CmSGT1, a 
resistant gene homologous with SGt1 from melon, Cucumis melo) from C. moschata into 
tobacco and observed a similar response to PM infection. Chlorotic spots were associated with 
increased production of hydrogen peroxide, H2O2, and this is characteristic of the hypersensitive 
response (Guo et al., 2019). 
The modes of action or underlying mechanisms of Pm-0 or Pm-A have not been 
characterized. Recent work using plant transcriptome analysis conducted by Guo et al., (2018) 
comparing susceptible and resistant breeding lines of C. moschata uncovered numerous gene 
products that seemed to be associated with resistance. These included increased levels of reactive 
oxygen species (ROS) in resistant lines, upregulation of various hormonal pathways including 
auxin, salicylic acid, and abscisic acid (ABA) (Guo et al., 2018).  A wide range of resistance 
mechanisms broadly classified as pre- or post-haustorial resistance have been identified in other 
species. Deposition of callus and lignin near PM infection sites and production of pathogenesis 
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related proteins are among resistant responses observed in other crop species (Pérez-García et al., 
2009). Zhang et. al., recently examined the responses of susceptible and resistant C. pepo 
varieties to P. xanthii infection. In resistant lines, they found increased concentration of lignin 
and phenolic compounds in resistant cultivars. They also found an increase in activity of ROS 
(reactive oxygen species) scavenging enzymes along with an increase in activity of 
phenylpropanoid pathway that is involved in lignin synthesis and the salicylic acid pathway that 
has been showed to play in role in systemic acquired resistance in other plants (SAR)  (Zhang et 
al., 2021). These findings suggest that diverse genes and gene products may be associated with 
PMR in Cucurbita spp.    
Our data showed that PMR from 148 was inherited as a single dominant to incompletely 
dominant gene, provisionally designated Pm-A. Allelism tests were consistent with independent 
segregation of Pm-A and Pm-0. The relationship between Pm-0 and Pm, the resistant gene found 
in C. lundelliana, remains unknown. Additionally, the relationship between this new resistant 
allele, Pm-A, and the two recessive genes (pm-1 and pm-2) found in round-fruited C. moschata 
breeding lines is unknown (Adenji et al., 1983). Cho et. al., 2003 reported on the development of 
two new C. moschata cultigens with PMR that was derived from crosses with C. martineezii thus 
was most likely Pm-0 although molecular and inheritance data were not presented (Cho et al., 
2003). Through screening a diverse C. moschata germplasm housed in Korea, Lutel et. al., 2016 
found numerous accessions with either high or intermediate resistance to PM, suggesting that 
additional resistance alleles or loci may be found within C. moschata landraces. 
CONCLUSION 
Future efforts should focus on mapping these different genes on the C. moschata genome 
and on identification of tightly linked or co-segregating molecular markers to facilitate marker 
assisted selection (MAS) breeding methodologies. For maximum economic benefit, resistance 
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genes would need to be transferred from C. moschata into C. pepo and C. maxima cultivars of 
summer squash, pumpkin, and winter squash. C. pepo and C. moschata can be hybridized with 
difficulty and some breeding programs have successfully developed bridge species suitable for 
interspecific gene transfer (Darrudi et al., 2018). Despite the difficulty of crossing the two 
species, gene transfer has been accomplished between the two species. The PM resistant gene 
Pm-0 was first transferred into C. moschata and later into C. pepo by researchers at Cornell 
University in the 1970’s (Jahn et al., 2002). Additionally, the B gene for precocious yellow 
pigmentation was transferred from C. pepo into C. moschata (Paris et al., 1985). Once 
transferred to and stabilized within inbred lines of squash and pumpkin, hybrids could be created 
with Pm-A in combination with Pm-0. Plants that have both genes in their heterozygous state are 
highly resistant to PM. We speculate that this was a result of the combined action of Pm-0 and 
Pm-A. The two resistant genes appear to be located at different loci and the observed phenotypic 
responses differ between lines that have Pm-0 or Pm-A. Further research may reveal that the 
mechanisms generating resistance by Pm-0 and Pm-A are different. Perhaps, by using multiple 
mechanisms of resistance, a stronger, more durable resistance can be achieved than what is 
currently in use. Stacking resistant genes or gene pyramiding has shown to be effective in 
breeding genetic resistance to PM in wheat (Liu et al., 2000) and barley (Řepková et al., 2010) 
and other important other important crop pathosystems as reviewed by Joshi et al., (2010). Use 
of this strategy in Cucurbita spp. crops could be an effective strategy for reducing fungicide use 
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